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ABSTRACT 
The Bu Rasa oil field is located about 200 km southwest of Abu 
Dhabi C ity in the U .A .E .  Oi l  production from the fleld started in 1 965  and a 
water inj ect ion program was init iated in 1 970. This research is focused on 
the assessment of the environmental hazards to the Quaternary Liwa aquifer 
from either the re- inj ect ion of o il-field water into the M iocene Clastic 
aquifer or surface dumping into unl ined pits. 
Well logs, core samples, structure and isopach contour maps, 
strat igraphic cross sect ions, and water chemistry analyses were util ized in 
th is  study. Moreover a detailed hydrogeologica l  aquifer assessment was 
conducted and a c lassificat ion scheme for the various brines was 
establ ished. 
I so-sal in ity contour maps over the Bu Rasa field area indicate a 
general increase in sal inity from 2 000-3 ,000 mg/l in 1 964 to 5 , 500 mg/l in 
1 996. 
Stable isotopic analysis of water samples from the Liwa and Bu Rasa 
areas suggests that the o i l-field water and water of the Quaternary L iwa 
aquifer have d ifferent s ignatures .  This result impl ies the lack of fluid 
commun icat ion between the M iocene Calstic and the Liwa aquifer. This 
observation is  further supported by the presence of an effective seal ing 
interval represented by the M iocene evaporites that i solate the two aquifers . 
I ntegrated geo logic hydrogeologic hydrochemical and stable isotope 
analyses, indicate that the disposal of oil-field waste water into the M iocene 
C lastic aquifer i n  the Bu Hasa area does not contaminate the shallow 
Quaternary aquifer. In contrast, the same analyses demonstrate that the 
disposal of brines i n  unl ined p its is the practice that has a defmite 
adverse effect on the Quaternary L iwa aquifer in the Bu Rasa area. 
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Introduction 
C H APTE R  I 
I NTRODUCTION 
Bu Rasa oi l  field the subject of tllis study, was d iscovered in  1 962 
on a seismic anomaly (Figu re 1 ). Oil production started in 1 965 from the 
Lower C retaceous Shuaiba Fonnation as the princ ipal productive horizon, 
with some production coming from the Upper Kharaib Fonnation 
(Thamama zone B). The total dai ly product ion from the field in the year 
1 996  was nearly 450,000 barrels (bbJs). In the 1 970' s, there was a 
s ignificant drop in the reservo ir pressure that necessitated the introduction 
of a secondary recovery method. A water injection program was therefore 
init iated to maintain the reservo ir pressure . About 5 , 500 b i l l ion barrels of 
water suppl ied from the S ims ima Um  Er Radhuma (UER) and Dammam 
aquifers, were i njected into the field, during the period 1 970- 1 996 
(F igure 2) .  
After o i l  is produced, entrained water (produced water cut )  is  
separated from the o i l  in  surface fac i l it ies. Although water and o i l  are 
separated, some hydrocarbons espec ially fatty ac ids, w il l  always remain in  
emulsion. 
The produced water cut, w ith an average concentrat ion of 280 
(ppm )  o i l  and Total Suspended Sol ids (TSS) of 90 mg/l ,  was 
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disposed off by injection. ADCO has been injecting this water into the top 
of the M iocene Cia tics interval at a depth of around 900 ft (274 m) to 
1200 ft ( 366  m). The gross volwne of the injected water into the disposal 
well in Bu Hasa field is est imated at 5 ,000- 1 0,000 bbis/d. 
Water w ithdrawn from the S imsima, Umm Er Radhuma and 
Dammam aquifers has Total Dissolved Sol ids (TDS) contents ranging 
from 1 00,000 to 200 000 mg/I .  The water injected into the oi l  reservoir is 
not homogeneous and parameters such as TSS may vary. The i ncrease in 
the TSS value above 2 mg/l may cause loss of injectivity due to blocking 
of the porous o il-bearing reservoir. Therefore approximately two thousand 
barrels  of water per day (average for 1 996)  have been diverted to the 
desert during the c lean-up of source wells after being shut in .  Once the 
TSS meets the required standards, the water is injected into the oi l  
reservoir . The water that is flowed to the desert e ither evaporates or 
percolates into the Quaternary sand aquifer. which represents a part of the 
Liwa fresh-water aquifer. This re- injected water contains inseparable oi l  
remnants and h igh content of dissolved salts that create a risk of 
contaminating the shal low aquifers in the region. 
1 . 1 Location  
The Bu H asa o il field of  the Abu Dhabi Emirate i s  located about 
124 mi, 200 k ilometers ( km), southwest of Abu Dhab i C ity, 3 7  mi  (60 km) 
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south of the Arab ian Gulf coast l ine and 40 mi (65 km) northwest of the 
Liwa Crescent . I t  i 22 mi (35 km) long from north to south, approximately 
1 5 .5  mi (25 km) wide and covers a surface area of about 243 mi2 (639 
km2) . 
1 .2 Obj ectives 
The main object ives of this study are :  a) to evaluate the possible 
contamin at ion of the Quaternary Liwa aquifer in the Bu Rasa oil field by 
highly sal ine, metal and oil bearing effluent generated in assoc iation with 
produced oi l ,  b) to detennine the factors that may control contaminat ion 
such as stratigraphic sett ing geologic structure groundwater-flow 
direction and water chemistry wi l l  be taken into consideration, and c )  to 
assess the enviromnental hazards due to contamination of the Quaternary 
aquifer by oi l-fie ld waste water. 
1 .3 Methods of Study 
1 .3 . 1  F ield Work 
a .  F ie ld v is its were pa id to the Rasa field in April and September 1 996. 
I nvestigations included the domestic water wel ls, water supply wells 
and waste-water injection wel ls .  
b. I n  April 1 996 ,  1 7  water samples were col lected from the domestic 
water-wel l  field. 1 2  samples were obtained from shallow rig wells, 
c lose to selected water-supply wells, 2 samples were collected from 
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Al Daafra and Bin Thani camps and 1 sample was obtained from the 
waste-water injection plant. 
c .  In September 1 996 ,  1 3  water samples were col lected from the domestic 
water-well field, 1 samples was obtained from shal low rig wells, c lose 
to selected water-supply wells, 2 samples were col lected from Al 
Daafra and Bin Thani camps and 1 sample was obta ined from the 
waste-water injection plant. 
d. Examination of 1 05 ft (32 m) core recovered from the M iocene Lower 
Fars Formation. 
1 .3.2 Laboratory Work 
a. Chemical analys is of the major and minor constituents of groundwater 
samples col lected for this study were perfonned by Atomic Absorption 
Spectrometer (AAS )  and I nduct ive ly Coupled Plasma ( IC P )  and Ion 
Chromatography . The main physical parameters of water such as 
Electrical Conductivi ty (EC )  in microsiemens per centimeter  (�S/cm), 
temperature (OC ) and pH were directly measured i n  the field .  
b .  Measurement of hydrocarbon content in some water samples derived 
from the Liwa Formation was performed by sol id-phase extraction 
(SPE) and gas chromatography-mass spectrometry (GC-�v1S) . 
c .  Petrographic examination of core samp les recovered from the 
evaporit ic sediments of the F ars Formation. 
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1 .3 .3 Office Work 
a .  L iterature search on the thesis subject, including water re- inject ion 
procedure, legis lat ion standards, hazards and case studies. 
b. Col lect ion of previous geologic, hydrogeologic, geophysical and 
hydrogeochemical data on the study area. 
c. Use of available geologic data for construction of isopach maps for the 
M iocene c last ic aquifer, the Lower Fars evaporites and the Quaternary 
aquifer w ithin the study area. 
d. Use of the avai lable hydrogeologic data for construction of longitudinal 
and transverse hydrogeologic cross sections for the study area . 
e .  Preparation of iso-sal in ity maps and iso-concentration maps for major 
ions and trace chemical const ituents in water samples collected from 
the Quaternary aquifer w ithin the study area in April 1 996. 
f. Use of geologic, hydrogeologic, hydrogeochemical and isotope data in 
assessment of the impact of injecting oil-field water in the M iocene 
c lastics on groundwater in the Quaternary Liwa aquifer w ithin the Bu 
Rasa field. 
e .  Preparation of the fma I draft and writ ing the thesis. 
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1 .4 Previous Studies 
A number of geological and hydrogeological studies have been 
carried out on the Bu Hasa field. The geology and water chemistry of the 
Quaternary Liwa aquifer, as well as the M iocene, Dammam, UER and 
S imsima aqu ifer have been invest igated for water injection purposes. 
Light and Halse ( 1 964) stud ied groundwater development and 
exploration in the v ic in ity of Bu Hasa and Bab oil fie lds, formerly called 
M urban. Their report is subdivided into three parts : part one is concerned 
primarily w ith the h istory of water-well dri l l ing for rig supply from 1 95 8, 
together w ith completion and production methods, and inc ludes a detai led 
tabulation of mechanical data and costs. Part two covers detailed 
groundwater information from the Murban area inc luding part ial and 
complete analyses, water levels and general occurrence. The report 
includes general corrunents on these data and a detailed l ist of al l  the wells 
dri l led in the M urban field up ti l l April 1 964. Part three is concerned in 
general terms with the total d issolved sol ids content found in groundwater 
over the entire Abu Dhabi area. On a base map, scale 1 : 500,000, the TDS 
contents of groundwater in the Abu Dhab i area were i l lustrated based on 
the information obta ined from dri l l ing, geophysical survey, Bedu wel ls and 
other sources gathered in the course of Company's operations in the area. 
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Gosling ( 1 97 3 )  carried out a geological review of the deep aquifers 
which include the Miocene clastics, Eocene Dammam, Paleocene-Eocene 
UER and Upper Cretaceous Simsima formations. 
Budd ( 1 97 3 )  conducted a feasibi lity study for a proposed scheme 
designed to remove salt from the produced crude at Bu Rasa. This scheme 
i nvolves the use of 1 0 ,000 barrels of water per day to wash the crude and 
its subsequent disposal .  It was suggested that the near-surface 'dune sand' 
aqui fer may be able to produce this fresh water. 
In 1 98 1 ,  Goudain studied the Tertiary and Upper Cretaceous 
aquifers of onshore Abu Dhabi . The main purpose of the study was to 
describe the four water-beari ng formations, which i nclude the Tertiary 
Sahi l  (Miocene c lastics ), Dammam, UER and the Upper Cretaceous 
Sirnsilna, withi n  the regional pattern of the recent data obtained from Bab-
1 29 wel l  dri l led behveen Bab and Bu Rasa. Geological data were 
reviewed i n  order to investigate the potential of the studied aquifers for 
sustained water production. Isopach and structure contour maps were 
constructed to show the pattern, structural setting and evolution of these 
formations. Porosi ty maps were made for each formation and for each sub­
unit . Aquifer characteri stics, such as porosity and permeabi lity, were 
compiled and summarized in  tables and p lots. Lithological ly ,  the Sahi l  
( Miocene c lasti cs )  Formation was described. 
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Hassan and Al Aidarous ( 1 985 )  compiled a report on the regional 
geology of aquifer in onshore Abu Dhabi . Most of the data in this report 
were derived from water well data and from the ADCO report on the 
Tert iary and Upper Cretaceous aquifers of onshore Abu Dhabi (Gouadain, 
1 98 1 ) . The report conta ins isopach maps of the three main aquifers; 
S imsima, UER and Dammam fonnations in Abu Dhabi .  Each fonnation 
was subdivided into 3 subunits, and it happens that U nit 2 of each 
formation has the h ighest porosity and permeabil ity ;  the so ca l led c lean 
zone. 
De Matos ( 1 986 )  publ ished a study on the UER and Simsima 
aquifers in  the Bu Hasa field. I n  this study, he defmed the fac ies ,  reservoir 
characteristics ,  fac ies/reservoir relationships, diagenesis and depositional 
h istory of these two aquifers . Twenty-two cores from five wel ls in the 
S imsirna Formation and 40 cores and 1 07 sidewal l  cores from four wells in 
the UER Formation were examined and studied. De Matos ( 1 986 )  
prepared a total of 466 thin sections of  UER Formation and 1 37 thin 
sections of Sirnsirna Format ion and used it for detailed microfacies and 
petrographic investigations. In addition to the cored wells, 54 wells were 
used i n  the correlation of the study .  
Where sufficient core recovery was obtained, porosity versus 
permeabi l ity c ross p lots for the various units and subunits of the UER and 
1 1  
Simsima fonnations were constructed. Nine reservoir appraisal sect ions 
five data summary charts, seven cross sections and twelve isopach and 
structural maps were constructed. 
In 1 995 ,  the Arab Center for Engineering Studies prepared a study 
on the impact of leakage from unl ined p its in Bu Hasa field on the 
Quaternary Liwa aquifer. Eight boreholes were dril led to a depth of 130 ft 
(40 01) and 20 l ithologic samples were obta ined from each borehole at 
different depths using a spl it-spoon sampler. The notable results of this 
tudy came from one borehole dril led adjacent to a seepage pi t  in  the base 
camp area, two boreholes at BU-40, one near the d ischarge pipel ine outfal l  
and the other in an area not affected by disposal operations, and [mal ly 
two boreholes dri l led at BU-68;  one near the discharge pipel ine outfal l  and 
the other in an area not affected by disposal operations (NDC--USGS 
1 996) .  The results suggest downward seepage from several locat ions 
occup ied by d isposal p its within the central area of the field. \Vaste water 
has been diverted to seepage p its by a c losed dra in system at a rate of 
LOOO to 1 500 bbls/d (AEA, 1 994 ) .  The highest concentrat ion of oi l  
sampled near the seep pi t ,  about 9 ,600 mg/l, came from a depth of 1 1 5 ft 
(35 m) below land surface. Soi l samples collected near d ischarge pipel ine 
out fal ls from BU40 and BU68 a lso suggest downward movement of 
disposed fluids . A chloride concentration of 1 ,240 mg/l was observed at 
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depth of 1 30 ft (40 m) at Bu-40 . These results indicate that the sal ine water 
from unl i ned pits has infi l trated to a depth of at least 1 30 ft (40 m). 
The latest study was conducted by National Dril l ing Company 
(NDC) and Un ited States Geological Survey (NDC-USGS) Groundwater 
Research Project (GWRP) in 1 996, to examine the potential for 
contamination of the Quaternary Liwa aquifer by disposal of brine in Bu 
Rasa and Asab fields .  The project  dri l led two water wel ls (GWP- 1 88A 
and GWP- 1 88B,  F igure 3 )  and recovered two cores in the Lower Fars 
Formation in one of the two wells . Production test, water qual i ty and 
wirel ine logs were obtained. The conclusion of this study is that the 
groundwater mound and assoc iated sal ine plume, derived from the 
infiltration of wasted brine d iverted and pooled in an unlined p it, has 
seeped into Liwa aquifer to a depth of 300 ft (9 1 m) near Bu-303 . The 
presence of this p l ume indicates that groundwater degradat ion has 
occurred i n  the Bu R asa field due to oil-field act ivit ies. 
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C HAPTER I I  
G EO LOG IC SETTI NG 
2 . 1  Stratigraphy 
The M iocene rocks in the Abu Dhabi Emirate are either exposed as 
scattered outcrops (e .g .  at the various diapiric islands) or buried under a 
thin cover of surficial sediments (Figure 4) .  Prec ise chrono-strat igraphic 
assignment of these rocks is not available due to the lack of 
strat igraphica l ly s ign ificant fossi ls (Peebles, 1 995) .  However, isotope 
dating methods have been uti l ized by several workers to del ineate the 
strat igraph ic  posit ion of these rocks. 
Conventional ly ,  the M iocene sediments of Abu Dhabi are c lassified 
into M iocene c last ics and M iocene evaporites. The M iocene c lastics are 
considered of Early M iocene age (Peebles, 1 995) .  These c lastics are also 
known as the B aynunah Fonnation in  western Abu Dhabi .  This unit is 
predominantly composed of friable sandstones, si ltstones and marls 
interbedded w ith th in beds of l imestone and anhydrite. Regional ly,  this 
fonnation exhibits considerable lateral variation in l ithology and thickness. 
This variation is genera l ly observed from western to eastern Abu Dhabi .  
On the other hand, the M iocene evaporites, a lso known as  the Gachsaran 
Fonnation ( Peebles 1 995 ;  Alsharhan 1 989; and Wbybrow 1 989) ,  are 
bel ieved to be of Late M iocene age. This uni t  is considered equivalent to 
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the Lower Fars hydrologic unit i n  western Abu Dhabi .  I t  cons ists mainly of 
carbonates and evaporites with minor basal s i l ic ic last ics . Based on deta iled 
sedimentological and geochemi cal analyses, Peebles ( 1 995 )  interpreted 
til ls un it to comprise multiple shallowing-upward cycles of dolomit ized 
(shallow subtidal to supratidal ) carbonates and evaporites, namely gypsum 
and anhydrite , fonned in an arid coastal setting. Therefore, according to 
Peebles ( 1 995 ) , the deposit ional model for this fonnation involved an arid 
coastal sett ing domin ated by large, hypersal ine, coastal lagoons and 
ephemeral lakes. 
The M iocene in Abu Dhabi Emi rate and particularly in the study 
area is underla in by the Darrunam l imestones and overlain by a blanket of 
Recent sand dunes and sabkha deposits. The average thickness of the 
M iocene i n  the Bu  Hasa fie ld area is approximately 500 ft ( 1 52 m) .  
I n  t ills study, two log correlation cross sections are presented north­
south and east-west across the Bu Hasa area. These sections show the 
petrophysical characterist ics of the Quaternary Liwa Aquifer, Lower Fars 
evaporites, M iocene c lastics and upper section of the Dammam Formation 
(Figures 5 and 6). The datum is top Dammam and there is no horizontal 
scale, but d i stances between wel ls are indicated. 
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2 . 1 . 1  North-South Cross Section 
Log correlation sect ion A-A' (Figure 5) contains five Bu Hasa 
wel ls .  Well No .  FF in the Bab field in the north is  added to show thinnino b 
of the Liwa aquifer towards the coast. Five of the wells have the interval 
transit t ime sonic log for porosity indicat ion and Bu-DD has a neutron 
porosity index curve .  The two Tertiary units, the M iocene c lastics and 
Lower Fars are thicker in Bab-FF to the north. These same un its may 
become thicker north of Bab Field into the Arab ian Gulf and then into the 
I ranian geosync l ine. The Lower Fars unit in Bab-FF, in addition to being 
thicker, contains a h igher percentage of gypsum in the upper subunit . 
2 . 1 .2 East-West C ross Section 
F ive wel ls are arranged along this l ine covering 20 km in an east-
west d irection ( Figure 6 ) .  All wells have gamma ray curves for l ithology 
and radioactivity d ifferentiation. One wel l, Bu-CC has a sonic log for 
porosity measurement and the other wells have neutron curves for the 
same measurement. The Well BU-303 ( l 88A), dri l led by the NDC-USGS 
Groundwater Research Project (G'vVRP), has a bulk density log and a 
neutron porosity curve. That combination gives the best definit ion of 
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l i thology together w ith the gamma ray. The M iocene c lastics have a fairly 
cons istent log character and thickness east-west across Bu Hasa. They 
appear fairly c lean on the logs with only a few shaly or l imy streaks. 
Accord ing to logs, the Lower Fars has two subdivisions; a predominant 
upper port ion of s l ightly marly l imestone with some gypsum, and a lower 
portion of interbedded thin anhydrite and thicker marls .  The overal l  unit is 
thinner in the lniddle of the correlation section over the crest of the Bu 
Hasa structure. The Liwa aquifer is fairly massive across the area but the 
lower port ion has a s l ightly higher level of radioactivity in Bu-303 (GWP-
1 88A) and could be s l ightly marly or argil laceous. 
2 .2  Lithological D escription 
I n  general, the upper part of the h igher beds in the M iocene 
succession is  substant ially composed of sandstone fac ies underlain by 
l imestones, marls and gypsum beds. In the west, the M iocene C last ics of 
the Baynunah Formation form the mesas and jebels (h i l ls )  frequently 
encountered along the coast. In the east, the Lower-Middle M iocene 
carbonates and evaporites of the Gachsaran Format ion fonn inland buttes 
and smal l  i so lated outcrops or lie just meters below surface sabkhas. The 
M iocene sediments are also exposed on many of Abu Dhab i ' s  islands, 
brought to the surface by salt diapirism. Along the coastal strip, the 
2 1  
sandstones c rop out in mesas and surface deposits, and also occur as the 
dominant aquifer towards the south in thick dune areas. The dril l ing of a 
suffic iently thick porous interval be low the water table usually results in 
water product ion from a variety of l ithologies in al l  parts of the Bab 
(Mw'ban) area. With the exception of the evaporite and marl horizons al l  
near-surface beds appear to be porous and water-bearing. 
2 .2 . 1 M i ocene C lastics 
These c last ics cons ist of friable sandstones, s iltstones w ith marl and 
thin l imestone and anhydrite intercalations (F igure 7 ) .  According to 
Gosling ( 1 964)  thi s  fonl1ation exhib its cons iderable lateral variat ion in 
l ithology and thickenss on a regional scale from western to eastern Abu 
Dhabi .  The Gamma ray correlation of Bab and Bu Hasa fields indicates 
remarkable changes in l ithology and thickness. 
The Lower Fars Formation unconformably overlies an eroded, 
channel led and weathered surface of the Hormuz Group at Dalma I sland 
and can be subdivided i nto three l ithostratigraphic units from top to base 
(F igure 8 ) :  
a .  Unit A l ies confom1ably over Unit B and consists of  interbedded white 
s l ightly hard l imestone, buff to reddish brown s i ltstone and reddish 
gray marl . Translucent selenite-fills veins and fractures in the upper 
part of this uni t .  I ron sta in ing is  notable. Units A and C are bel ieved 
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AGE UNIT GRAPHIC IELEVATION LITHOLOGY IN METERS GENERAL DESCRIPTION 
LU 
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I nterbedded marls and 
« limestone with thin 
I-
streaks of gypsum. 
-
Z 
w ;::) 
Z z 20 0 
w - Red to buff sandstones. � I:G 
U < 
:E I-0 -� Z 
- 0 ;::) 
J: � Si lty at base. I S  
V) 
� G reenish-grey marls white 
W < gypsum Grey l imestone. 
-l � 
C � u 
C � 
Yellowish-grey marls. 
� I-- Light-grey l imestone. 
- 0 Z 
J: � ;::) Reddish-grey marl, becoming 
highly calcareous at top. 
Sandy and si lty at base. 
0 
� N � I Assemblage of anhydrites, ::J o.  a2 J: ::J sandstones, s i ltstones, .:a 0= 0  l imestones and black J: O a:  I 
\) :I: c)  V � dolomites. 
D Conglomerare D Limesrone D Silrsrone D Marl 
o Sands D Dolomire 0 Shale D Gypsum 
Figure 8. The stratigraphic sequence of the Miocene sediments on Dalma 
Island (S alah, 1 995) .  
GD-4242 
24 
to be deposited under a shal low marine envirorunent, while Unit B was 
depos ited in a fluv iati le sett ing (Salah, 1 996) .  
b .  Unit B is the th inne t unit within the section 7 ft (2 m) to 20 ft (6 m), 
and l ies confonnably over Unit C. I t  consists mainly of fme to 
medium-grained sandstone with reddish brown to buff hues due to 
sta in ing. The sandstone is si lty in parts. 
c. Unit C is the thickest M iocene unit 1 6  ft (5 m) to 49 .2 ft ( 1 5  m), and 
rests unconformably over the Honnuz Group. It consists of gray marl 
becoming highly ca lcareous, changing both vert ical ly and lateral ly into 
hard gray l imestone . Bands of white gypsum are also recorded at some 
local it ies . I ron sta in ing is notable in  the upper part of this unit .  
2.2.2 Miocene Evaporites 
Throughout the area, M iocene evaporites occur e ither near surface 
or, in some local i t ies ,  as surface outcrop. In the coastal area and tonguing 
inlands for a d istance of up to some 1 5  mi. (24 krn), sabkha flats 
extensively overlie the Miocene sediments. Although flat topped, outcrops 
of M iocene strata commonly penetrate up through this cover and in some 
cases are of quite large areal extent . South of this zone, the M iocene 
sediments are overlain by dune sands . I n  the north, this sand cover has a 
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patchy distribut ion and relatively thin. Southwards it becomes 
progress ively more extensive and thick. 
r n the Bu Hasa region, at the southern end of the field, the sand 
cover exceeds 200 ft ( 6 1  m) in thickness, masking almost completely the 
underlying strata . However, in isolated locations, small windows and deep 
hollows in the sand cover do al low the Miocene strata to be exposed at the 
surface. 
The confming unit belonging to the Lower Fars Miocene evaporites 
is 525  ft ( 1 60 m) th ick and cons ists mainly of mudstone, si ltstone and marl 
w ith interbeds of evaporite. The thickness of the evaporite reaches about 
49 ft ( 1 5  m), great enough that it would appear to be an effect ive seal 
against vert ical  flow of water at the base of the Liwa aquifer. Southwards 
across the Bab Fie ld towards Bu Hasa, a gradual topographical rise occurs 
and s imilarly,  but to a lesser degree, an increase in structural elevation 
w ithin the M iocene strata is evident, if one refers to the depths at which 
the M iocene C last ics are encountered in the various development wel ls .  
For i nstance,  from the coast south to Mb- 1 3 , there is a topographical rise 
of some 3 50  ft ( 1 07 m )  and an increase in structural elevation within the 
M iocene of roughly 1 50 ft (46 m). The depth of the water table below the 
ground level i s  as l itt le as 2 ft (0 .6  m) in the sabkha areas, but it gradual ly 
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becomes deeper to the south (Bu-J ) where it reaches 80 ft (24 m) to 1 40 ft 
(43 m). 
Within the M urban area the format ions encountered in vanous 
water wel ls are largely detennined by how far the part icular wel l is from 
the coast. N ear the coast, the M iocene aquifer can be reached at surface 
or after penetrat ing a small thickness of sabkha cover. Further south, but 
still in the area of the Bab dome, the Miocene section crops out at the 
surface or l ies below a thin cover of dune sands. 
Surface outcrops, where visible, consist of M iocene sediments 
varying l ithological ly from friable sandstones to l imestones. marls and 
gypswn which are a l l  generally evaporitic in nature . On the coastal strip, 
these outcrops commonly rise above the sabkha cover to form a mesa-type 
topography.  Over the Bab dome area, the M iocene sediments occur as 
extensive weathered outcrops, or are masked by a shallow sand cover. On 
the Bu  Rasa dome. M iocene outcrops are mainly confmed to small local 
hollows of l imited aerial extent, being otherwise M iocene sediments are 
buried beneath th ick dune sand. 
2 .2 .3 Petrography 
In conj unction w ith the dril l ing of the borehole GW A- 1 88A (Figure 
3 ), 1 05 ft ( 32  m) of core within the Lower Fars Fonnation (675-735 ft and 
765-8 1 0  ft )  were recovered. The core samples were brought to the Abu 
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Dhabi Company for Onshore Oi l  Operations (ADCO) for analys is of 
l ithology and hydraul ic conductivity (Figure 7 ) .  The author has described 
core samples for A DCO and the N DC-USGS GWRP. Desc ription of 
selected core sample is  i l l ustrated in Figures 9 to 1 9 . 
28 
Figure 9. Core photograph (depth=675 ft.)  showing transparent to light-reddish gypsum. 
Figure 1 0  Core photograph (depth = 683 ft.and 5 in) of light siltstone-claystone, with 
nodules of anhydrite (arrow) ranging in size from 2 to 5 Cm. Notice the iron 
staining and horizontal burrowing. 
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Figure 1 1 . Core photograph (depth = 693ft. and 6 in) of buff, light gray, brownish and 
yel lowish claystone-limestone, with iron-oxide staining. Porosity is vuggy 
and partially filled with gypsum. 
Figure 1 2 . Core photograph (depth = 696ft. and 7 in) of laminated and fmely-bedded 
claystone-limestone showing light to dark gray color. Notice the presence 
of shell debris and oxidation (arrow). 
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Figure 1 3 .  Core photograph (depth = 709ft. and 7 in) of gray, whitish gray limestone 
(wackestone-packstone) with clay clasts and large well-preserved echinoids 
fragments (arrows). Notice the relatively high porosity due to leaching. 
Figure 1 4  Core photograph (depth= 7 1 5ft.) of light to whitish gray coarse li thoclastic 
limestone (packstone), locally argillaceous with angular to subangular 
lithoclasts ranging in size from a few to l .SCm.(arrows). Notice the partial 
replacement of some shell fragments by anhydrite. 
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Figure I 5 .Core photograph (depth= 77 1 ft.)  of light gray to light brown, black sported 
bioclastic limestone (wackestone-packstone), with some gypsum nodules 
(arrow). 
Figure 1 6 . Core photograph (depth=778ft.and 1 0  in) of mudstone-siltstone of greenish 
to l ight gray color. The rock is locally nodular with fme dark clayey 
material (arrow). 
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Figure 1 7. Core photograph (depth = 78 1 ft. and 4 in) showing an interval of dark gray 
gypsum with cloudy appearance. 
Figure 1 8  Core photograph (depth = 785ft. and 1 0  in) of light to dark gray siltstone 
with scattered gypsum nodules (arrow) and cloudy appearance. 
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Figure 1 9. Core photograph (depth = 790ft.and 6 in) showing l ight to dark gray 
burrowed siltstone with gypsum nodules. Notice the presence of 
fractures (arrows) that are locally enlarged and irregular. 
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2 .3 Geologic Structure 
I n  western Abu Dhabi, gentle and s imple folds are common 
features . Folds are a l igned north-south, probably related to deep seated 
basement tectonics ( Hassan and Al Aidarous, 1 985) .  
The structural configuration in the study area i s  interpreted, in this 
sect ion, based on structural and isopach contour maps constructed for the 
M iocene c lastics Lower Fars evaporites and L iwa aquifer. 
2 .3 . 1  Structu re Contour Map of the Miocene Clastic Aqu ifer 
The structure map on top of the M iocene c lastic aquifer clearly 
shows the local and regional structural conflguration of the study area. The 
Bu Hasa field is shown as a north to northwest plunging structural nose 
w ith dips on the east into the Falaha syncl ine and less obvious d ips on the 
west into the Ras Gharib syncl ine (Figure 20) .  The top of the M iocene 
c lastics is  the shallowest mapped surface which shows the Bu Hasa north­
south structural t rend. Geophysical studies using gravity and magnetic 
records have indicated that the north-south trend is basement-block 
related. Subsurface mapping deeper in the section has revealed the 
southern dip which makes Bu Hasa a dome . 
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2 .3 .2  Struct u re Contou r Map of Lower Fars Evaporites 
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The shal lowest structural map is on top of the Lower Fars M iocene 
evaporite (Figure 2 1 ) . The structural pattern is very complex because the 
mapped surface is a combination of erosional truncation and fonnat ion top, 
so the local and regional structures are not well defined. There is  
approximately 1 00 ft (3 1 m) of regional west d ip across the area, from 50 
ft ( 1 5  m) above sea level to  60 ft ( 1 8  m) below sea level . 
2 .3 .3 Isopach map of the M iocene Aquifer 
This map shows a wel l-defmed NNE-SSW thinner trend which may 
have been produced as the result of thining over a structural h igh, the Bu 
Hasa north-plunging nose (Figure 22) .  I so-thickness contours range from 
less than 3 7 5  ft ( 1 1 4  m) in the northwest of the field to more than 525  ft 
( 1 60 m) along the eastern flank and around 300 ft (90 m) on the crest of 
the field. 
2 .3 .4 I sopach M ap of Lower Fars Evaporites 
The isopach map of the Lower Fars M iocene evaporite indicates a 
thicker east-west axis across Bu Hasa, a thicker trend to the north and a 
thinner trend to the south (Figure 23 ) .  However, the range of values of iso­
thickness contours is quite smal l  from 475 ft ( 1 45 m) to 526 ft ( 1 60 m) .  
37 
7)0 6� 'Y.����--------------____________ ��O ______________________ ��O I . 620 
600 
-f A 
o 
! 
no 
\() -
1.() ­
�"3() ____ 5 km 
! 
1\'1 
.10 ___  -1--... 
• 
A D C O  GEOLOGY DEPT 
BU HASA FIELD 
Structure Contour Map 
ower Fars (Miocene Evaporites) 
C.I = 1 0 ft. 
Nov 1996 
GO · -4023 
Figure 2 1 . Structure contour map of the Lower Fars Formation 
(Miocene Evaporites). Contour interval = 1 0 ft. 
I 5'10 
750 
38 
730 00 r-----�--��------�--------------�--.-----�----------��7S� 
+ � 
K • L 
375 
350 
G 
D 
• 
• 
A 
• 
• 
• 
• 
• 
M 
A D C O  
BU HASA F IELD 
Isopach Map 
M oicene Clastic Aquifer 
C.I = 25 It 
590 
Figure 22. Isopach map of the Miocene clastic aquifer at the Bu Hasa area. 
Contour interval = 25 ft. 
39 
2 .3 .5  I sopach Map of the Liwa Aquifer 
The i sopach map of the Liwa aquifer reveals an increase in 
thickness from approximate ly 375  ft ( 1 1 4  m) in the west to more than 575 
ft ( 1 75 m) in the east (Figure 24). Not indicated on this map, however, i s  
the rapid dec rease in thickness towards the Bab field in the northeast. The 
north-south log correlation section shows only 1 50 ft (46 m) or less o
'f 
Liwa aquifer at Bab-FF (F igure 5 ) .  
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Figure 23 .  I sopach map of the Lower Fars Formation (Miocene Evaporites) at the 
Bu Hasa area Contour interval = 25 ft. 
4 1  
7)0 620 ��--�� __ �� ____ � ____ � ____ � ____ �� ____________________ �7�O I � \ ill 
� + 
600 
M �  
6 10  
] /  
• L 
600 
550 
o 
! 
no 
BU HASA FI ELD 
5 � Rep. No. : 
! 
HO 
Isopach Map 
liwa Aquifer 
C.I = 25 ft.  
GO · �022 
Figure 24. Isopach map of the Liwa aquifer at the Bu Hasa area. 
Contour interval = 25 ft. 
590 
750 
Chapte r I I I  
Hydrogeology 
42 
C H A PT E R  I I I  
HYDROG EOLOGY 
3 . 1  Cl imatic Conditions 
Cl imatological data for the period 1 979- 1 992 show that the mean 
annual temperature in the Bu Rasa field is 28°C (M inistry of Agriculture 
and Fisheries 1 993 ) .  Rainfal l  records show that the Bu Rasa area rece ives 
most of the annual rainfal l ,  0 .60 in ( 1 5  mm) during February. Trace 
amounts are recorded in December and March (Ministry of 
Communications, 1 996) ;  no rainfal l  data were recorded in January. The 
total mean annual rainfal l  at the Bu Rasa Meteorological station for the 
period 1 979- 1 992 is 0 . 62 in ( 1 5 . 7  mm). At Asab meteorological stat ion 
( 1 00 Km to the South-East), the average annual rainfal l  for a 20-year 
period ( 1 965- 1 9 85 ), is l . 6 in (40 mm), and the potential evapotranspiration 
varies between 27 . 3  in (690 nun) during November-March and 1 02 . 7  in 
(2 ,600 mm) during Apri l -October. 
3 .2 Aqu ifers 
The water-bearing units (aquifers) within the study area can be 
c lass ified i nto ( F igure 2 ) :  
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a. Brine-Produing aquifers inc lude the Simsima, UER and Dammam 
aquifers. Water produced from these aquifers is injected into o i l  
reservoirs to maintain pressure .  The hydraulic properties of these 
aquifers are summarized in Table 1 .  
b. Waste-water d i  posal aquifer is represented by the M iocene c lastic 
sediments. In these sediments, water used for oi l-wash are disposed 
after treatment. 
c. Domestic water-supply aquifer is the Quaternary Liwa aquifer in the Bu 
Hasa area. Water from this aquifer are produced for domest ic uses and 
o i l  washing. 
The l ithology, sal in ity and thickness of the most important aquifers 
and confIning units in  the Bu Hasa area are discussed in the fol lowing 
subsect ion and summarized in  Table 2 .  
Table 1 .  Hydraulic properties of  the Dammam, UER and S imsirna aquifers 
in  the Bu  Hasa o i l  fIeld (modifIed after Hassan and Al Aidarous, 
1 985 ) .  
Aquifer Porosity I ntrinsic Permeability (k )  T ransmissi vity Storage 
(%) !T) Coefficient 
(ft-/day ) ( Sc) 
Darcy em/sec 
S imsima 06-35 0 .000 1 -0,4 8 .5x  1 0-8- 3 .4x I 0-4 1 5 -220 4.0 x 1 0-4 
UER 1 5 -25 0 .0 1 -0 .05 8 .5x 1 0-'_ 4.3 x l O-' 40- 1 50 9 .0 x 1 0-4 
Dammarn 22-25 0 .02-0.04 l .7x I 0- 5 - 3 Ax l O-5 30-60 6 . 8  x 1 0-4 
Table 2 .  The ma in hydrogeologic units and groundwater use in the Bu 
H asa oil fi e ld (NDC-USGS, 1 996) .  
Hydrogeologic Thickne-; '  ature Lithology Salinity Importance and use 
unit (01) (mgfL) 
Liwa aquifer 1 35 aquifer eolian sand 3 .000 Domestic supply, 
wash water and fire 
fighting 
Lower Fars 1 60 confining evaporites/ 5,000 Prevents vertical flow 
confining unit unit c lastics 
Miocene 1 00 aquifer sand 1 00 ,000 Receives injected 
C lastics aqu i fer brines 
Dammam 265 aquifer l imestone 70.000 Source of water for 
aquifer injection into 
reservous 
Rus confining 2 1 5  confining anhydrite/ unknown none 
unit unit l imestone 
UER aquifer 4 1 5  aquifer l imestone 1 60,000 Source of water for 
injection into 
reservous 
Sirnsima 270 aquifer l imestone 230,000 Source of water for 
aquifer injection i nto 
reservOlrs 
3 .2 . 1  B rine-Produc ing  Aquifers 
The hydraul ic propert ies and the relationship between the 
Quaternary Liwa aquifer and the M iocene c lastic aquifer are the main 
focus of this chapter. However, because saline waters are produced from 
the Dammam. UER and S ims ima aquifers for injection into petrolewn 
reservoirs, the fol lowing is a brief discussion on each of these aquifers 
(Tab le  3 and F igure 25 ) :  
3 . 2 . 1 . 1  S i ms ima A q u ifer 
The carbonate sequence  of the S imsima aquifer has been subdivided 
into three units; the lower unit is composed of chalky, shaly packstones 
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and wackestones, the middle unit is made up of dolomitic and chalky 
packstones and wackestones and the upper part is characterized by a 
rather dense c lean l imestone. The Sims ima aquifer reaches its maximum 
thickness 1 200 ft ( 366  m), at the center of the Falaha syncl ine, from which 
the thickness decrease towards the north, west and southwest. The 
aquifer' s hydrau l ic p ropert ies are given in Table 1 .  
Table 3 .  Volumes of water produced from various aquifers, injected into 
the petroleum reservo irs and diverted to unl ined pits in the desert 
during the period 1 970- 1 996. 
Water produced from the Water i njected into Water diverted in to un l ined 
Year Simsima,  D ammam and U E R  oil reservoirs ( 1 06 pits i n  the desert ( 1 06 
and aqui fers (1 06 barrels) barrels) barrels) 
1 970 003 . 1  003 . 1  000.0 
1 97 1  026.3 026.3 000.0 
1 972 1 92 .2  1 92.2 000.0 
1 973 268.3 268.3 000.0 
1 974 273 .8 273.8 000.0 
1 975 227.8 227.8 000.0 
1 976 2 1 0 .7  21 0.7 000.0 
1 977 265 .7  260.6 005 . 1  
1 978 2 1 7 .3  2 1 4.5 002.8 
1 979 2 1 5.9 21 5.2 000.7 
1 980 1 67.9 1 66.6 00 1 .3 
1 98 1  1 56 . 1  1 56 . 1  000.0 
1 982 1 3 5.8 1 35.4 000.4 
1 983 085.8 075.6 0 1 0.3 
1 984 1 04 1 085 . 1  0 1 9.0 
1 985 099 5 092.6 006.9 
1 986 086.3 071 .8 0 1 4.5 
1 987 220.8 1 84.6 036.2 
1 988 238.5 20 1 .4 037 . 1  
1 989 223.0 1 93.7 029.2 
1 990 239.3 220.3 0 1 9.0 
1 99 1  274 .2  26 1 .8 0 1 2.4 
1 992 303 .3  300 . 1  003.2 
1 993 3 1 3 . 0  309.7 003.3 
1 994 3 1 4 .0  3 1 1 .7 002.2 
1 995 308.8 307.2 00 1 .6 
1 996 3 1 9 .0  3 1 8.5 000.6 
Total 5,490 5,285 0206 
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Figure 25.  Chart showing the annual summary of water volumes produced from various aquifers, injected into the petroleum reservoirs and diverted to the desert in unlined 
pits (bbl )  
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3 .2 . 1 .2 U m m  E r  Radhuma ( UE R) Aq uifer 
The Paleocene-Eocene UER aquifer is formed of four l ithological 
units' the upper unit is composed of shaly l ime mudstones, wackestones 
and fine-gra ined packstones with dolomites, the second unit cons ists of 
mudstones, packstones, gra instones and wackestones, the third unit is 
composed of dolomitic mudstones and wackestones and the basal unit is 
represented by shales and marls .  The total thickness of the aquifer ranges 
from 1 ,000 ft (305 m) to 2 ,000 (6 1 0  m). Table 1 includes a summary of the 
hydraul ic  propert ies of the aquifer. 
3 .2 . 1 .3 D a m m a m  Aquifer 
The Eocene Dammam aquifer is formed of dolomi te w ith anhydrite 
in the upper part, foram.iniferal packstone and grainstone in the middle and 
shales and argil laceous l imestone in the lower part . The thickness of the 
DaIl11nam aquifer ranges from 200 ft (6 1 m) to 1 ,600 ft (488 m), with a 
gradual thickening from west to east. Despite the h igh average porosity of 
the core samples ,  the intrinsic permeabil ity (k) of the aquifer is  low. The 
hydraul i c  properties of the aquifer is summarized in Table 1 .  
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3 .2 .2  Waste-Water Disposal Aq u ifer 
The M iocene c lastic aquifer in the study area is used for disposal of oi l­
wash water. The aquifer  is also ut il ized as the receiving zone for injection 
of waste brines from petroleum production. The aquifer attains an average 
thickne s of about 3 2 8  ft ( l 00 m). The water in this aquifer is brine, 
conta ining two to three times the TDS concentration of sea water. During 
the 1 964- 1 994 period, 23 mil l ion barrels of treated waste water were 
injected into the M iocene c lastic aquifer in the Bu Hasa field, whereas 204 
mi l l ion barre l s  were diverted to unl ined pits in the desert. 
3 . 2 .3 Domestic "Vater-Supply Aquifer 
The Quaternary Liwa aquifer contains water that is s l ightly (500-
3 ,000 mg/l TDS )  to moderately (3 000- 1 0,000 mg/l TDS) sal ine, with an 
average TDS concentrat ion of about 3 ,000 mg/I .  Because it has the lowest 
sal inity in the study area, water of the Quaternary aquifer is used for oi l­
camp domestic  supply. i rrigation, fire fight ing and as di lut ion water to 
reduce the sal in ity of petroleum " wash water". The aquifer is shallow, 
unconfmed and composed predom.inantly of eol ian sand. Consequently, 
there is a high potent ia l  for aquifer contaminat ion by waste water moving 
downward from unl ined p its in the desert or upward from the M iocene 
aquifer through the Fars Fonnation. 
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3 .2 .3 . 1  Depth to G rou ndwater 
Figure 26  is  based on field measurements of depth to water in the 
domestic wells and shal low rig wells during April 1 996.  It shows that the 
depth to the groundwater in the Quaternary Liwa aquifer w ithin the Bu 
Rasa field ranges from 80 ft (24 m) in the northwest and southeast to 1 70 
ft (52 m) in northeast and southwest. Together with the ground elevations, 
this map was used for construction of a general hydraul ic head map for the 
Liwa aquifer in  the Bu Rasa field in  April 1 996. 
3 . 2 .3 .2  Saturated Thickness 
The saturated th ickness contour map of the Quaternary L iwa aquifer 
in  the Bu Rasa area during April 1 996 was constructed by subtract ion of 
the field-measured depth-to-water from the base of the aquifer at each 
samp l ing point (F igure 27) .  The direction of groundwater flow, 
contamination of shal low groundwater and d irect ion of contaminant 
movement suggest the re-Iocation of the domestic water-supply field from 
its present posit ion in the central part to the southeastern comer of the 
study area .  The proposed new position has the fol lowing advantages: 
a .  The aquifer' s saturated thickness is about 1 00 m compared w ith 25  to 
45 m thickness in i ts present position. 
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Figure 26. Depth to ground water contour map, in feet below the ground surface, 
in the Bu Hasa area, based on field measured data in April 1 996. 
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Figure 27.  Saturated thickness contour map of the Quaternary Liwa aquifer, 
in feet, in the Bu Hasa area in April 1 996. 
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b. The new s ite is re lat ive ly closer to the Liwa fresh-water mound which 
acts as a recharge source to the Quaternary Liwa aquifer in the Bu 
Hasa area .  
c .  The wel ls of the new field wi l l  intercept larger amount of reatively better 
qual ity water compared to wel ls of the present field. 
d. Contaminant plume from previous discharge activit ies in unl ined open 
pits in the southern part of the field is now moving towards the present 
domestic wel l  field and is expected to reach it w ithin the next 1 0  years. 
Pol luted water c an be tapped i n  the cones of depressions of the fteld. 
3 .2 .3 .3 Hydrau l ic  H eads 
The hydraul ic-head contour map constructed for the Quaternary 
Liwa aquifer  in the Bu Hasa area in April 1 996 shows the following 
(F igure 28) :  
a. The general groundwater flow direction in the study area is from south 
to northwest. 
b. A groundwater mound occup ies the central part of Bu Hasa field, 
southeast of the domest ic water-wel l field. 
c. The presence of two southeast-trending tongues of higher sal in ity water 
(poor qual ity water) in the northwestern part of the study area reflects 
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the effect of groundwater pumping from the Liwa aquifer in the area 
occupied by the domestic water-wel l field. 
d. The hydraulic gradient is highly variable in the field ranging from 0.0 1  
in the southwest to 0 .00 1 in the southeast and northwest. I n  addition to 
the effect of pumping the hydraulic gradient also reflects the 
heterogeoeous mature of the aquifer. 
F igure 2 8  also indicates that the general groundwater flow from south 
to northwest agrees w ith the general groundwater flow pattern in the 
sandstone aquifer system in U .  A. E. (Rizk et. a l . ,  1 996). However, the 
presence of a groundwater mound in the central part of the Bu Hasa 
field represents a local feature which is possibly re lated to the 
infiltration of waste water d isposed off in open, unlined p its in this 
area. 
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Figure 28.  Hydraulic head contour map of the Quaternary Liwa aquifer, in feet above 
sea level, in the Bu Hasa area, based on field-measurements in April 1 996. 
Chapter I V  
Hydrogeochemistry 
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C H A PTER I V  
H Y D ROGEOC H E M I STRY 
The objectives of this chapter are to study the hydrochemical 
characterist ics of groundwater in the Quaternary Liwa aquifer at the Bu 
Hasa field, invest igate the effect of geological and hydrogeological 
condit ions on water chemistry and detennine the possibil ity of 
groundwater contamination in the Quaternary Liwa aquifer as a result of 
d isposal of o i l-fie ld water in the Miocene clastic aquifer. 
I n  Apri l  1 996 ,  32  groundwater samples were collected from 
domestic water wel ls  (Figure 29)  and shallow ones c lose to selected 
water-supply wel ls  and two waste-water d isposal wells. The collected 
samples cover the central area of the field and its perimeter. Collected 
samples were directly analyzed in the Food Control Laboratory ,  Abu 
Dhabi ,  for major. minor and trace constituents. In September 1 996, 1 7  
samp les were co l lected, mainly from the domestic water wells, and 
analyzed for some major and trace constituents in the Desert and Marine 
Environment Research Center, U. A. E. University. Figure 30 shows the 
location of the co l lected water samples and Table 4 shows a description of 
water samp l ing. 
Figure 29. Water sampling and measurement of temperature, pH and electrical conductivity in a domestic water well of the 
Bu Hasa Field in April 1 996. 
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Figure 30. Landsat image of the Bu Hasa Field. Location of wells that have chemical 
analysis l isted in this study. 
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4. A nalytical Tec hn iq ues 
The measurement of the critical physical parameters were carried 
out in the field, wh ile the complete chemical analysis of the col lected 
water amples was performed in the laboratories. 
Table 4 .  Locat ion, season and number of samples col lected from the Bu 
H asa o i l  field for the present study. 
Bu  Hasa Fie ld Number of groundwater samples 
April 1 996 September 1 996 Total 
Domest ic  water wel l  1 7  1 3  27 
Shal low water wel l s  c lose to 1 2  1 1 4  
water-supply or i njection wel ls 
A l  Dhafra and Bin Thani camps 2 2 4 
Water i nj ector p lant 1 1 2 
Total 32 1 7  49 
The complete chemical analysis of the water samples was conducted 
in two laboratories, namely; the Food and Environment Control Center, 
Abu D habi M unic ipal ity, Abu Dhabi, and the Desert and Marine 
Environment Research Center U. A. E. University, Al Ain. Different 
techn iques have been employed for analys is. The fol lowing is a brief 
description of each of the analytical methods used in the present work : 
4. 1 . 1  I nductively Cou pled P lasma 
A Perk in-Elmer Plasma-400 Emission Spectrometer was used for 
the analysis of some major (Ca, Mg, Na and K)  and several trace metals 
( Fe, M n, Li, S r, Ba, B, Cr, Zn, Ni, Pb, Cu, Co, Cd, As and Se) .  
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The Induct ively Coupled Plasma ( rCP)  is an optically thin emiss ion source 
fonned by coupl ing radiofrequency power into a stream of argon gas .  The 
argon is constra ined into three concentric streams in a p lasma torch 
fabricated from fused s i l ica .  A toroidal shaped plasma is formed, and the 
sample is i nj ected through the central tunnel , heated to a high temperature 
(-8000 K) and thereby atomized to a large extent . Emission from the 
exc ited atoms and ions is observed at a height of 1 0  to 20 mm above the 
load co i l  by a convent ional spectrometer system. 
4. 1 .2 I o n  C hromatography 
Ion chromatography, model D ionex-2020i, was used for the 
analysis of the anions :  cr,  F NO]-, SO.t and HC03-. The D ionex-2020i 
ion c hromotograph is  a dual-channel ,  high-performance chromatographic 
system featuring two prec is ion Analytical Pumps a dual-channel ,  and two 
conductivity detectors. The components are housed in three sturdy, 
corrosion-res istant enclosures. The operating conditions were 1 0  to 40 °C 
temperature range and 1 900 psi ( 1 29 atm) maximum pressure. 
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4. 1 .3 Sol id-Phase E xtraction 
Sol id-Pha e Extraction (SPE )  for isolation of organic contaminants 
was performed by a capil lary column according to the fol lowing steps: 
1 .  Preparat ion of an extraction tube of superc lean ENVI-C 1 8 , 6 ml, 0 .5g 
packing (SUPELCO) .  
2 .  Condit ioning of tube of 2x 6 ml n. hexane; d iethyl ether ( l  : Iv/v) ;  6 ml 
methanol and 6 ml deionized water. 
3 .  Sample Addit ion of 300 Inl of water, about 1 0  ml/ minute. 6 ml of 
deionized water. 
4.  Drying for about 1 5  minutes with nitrogen. 
5. E lution of organ ics :  2 x 1 ml  n .  hexane: diethyl ether ( 1 :  1 v/v) 
4. 1 .4 Gas C h ro matography-Mass Spectrometry 
This technique was also used for ident ification of organic pol lutants 
present in water samp les col lected from the Quaternary aquifers and the 
water i njection p lant in the Bu Rasa area. The gas chromatography (OC)  
and mass spectrometry (MS)  parameters include the fol lowing: 
a. GC parameters 
Oven: 60 (3  m inute s )  to 280 Co at 1 0  Co min, hold 20 minutes 
Column: SPB-5 ,  30 m X 0.25 rnm id  X 0.25 mm fi lm, SUPELCO.  
L inear veloc ity : 35  crn/sec (Hel ium, 60°C) 
Spl it rat io :  1 5 : 1 
b .  MS parameters 
Solvent delay :  2 . 5  minutes 
M as range : 30-450  amu (ful l  scan) 
Scan t ime: 0. 80 (seconds) 
Inter-Scan delay: 0 .20 (seconds. ) 
Ion ization mode: EI+ 
4 . 1 .5 Atomic Absorp tion Spectrophotometry 
6 1  
This technique was used for the analys is of some major ions (Ca, 
M g, Na and K) and several trace metals (Fe Li, Sf, Ba, B, Cr, Zn, Ni, Pb, 
C u, Co, Cd, M n, As and Se) .  For detennination of total metals in water, 
the water sample is ac idified with nitric acid ( 8 mlII) and boiled for 4-5 
minutes and then fi ltered, if necessary. S imultaneously a blank, in 
dupl icate w ith deionized water having the same amount of nitric ac id run 
in identical condit ions. This blank, to some extent, takes care of the errors 
due to reagents and/or environment. The contamination of i ron, chromium, 
copper nickel and zinc from different equipment of the laboratory is very 
common. The sample is  then a sp irated to double beam Atomic Absorption 
Spectrometer (GBC-906) equipped with autosampler and background 
corrector directly . 
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4.2 Fie ld-measu red Parameters 
The pH temperature (OC ) and Electrical Conductivity (EC), in 
lllicrosiemens per cent imeter (IlS/cm) were measured for samples 
col lected in Apri l 1 996,  using a portable pH meter, model Hl-83 1 4 . The 
e lectrical conduct ivity was measured by a Myron-L EC-meter w ith the 
fol lowing spec ifications: 
Range o to 5 ,000 (IlS)  
Accuracy ± 2% of ful l  scale 
Repeatabi l i ty ± 1 %  
Temperature Compensat ion 0 .00 to 49 DC 
Because the ir values change with t ime, the temperature (OC ), 
hydrogen-ion concentrat ion (pH) and Electrical Conductivity ( IlS/cm) of 
col lected water samples were directly measured in the field. The fol low ing 
is a brief d iscuss ion on each of these parameters : 
4.2 . 1  Water Temperatu re 
Groundwater temperature (OC ) was only measured for domestic 
water wel ls in the central part of the Bu Rasa field. Measured temperatures 
varied between 30 .4  °C  in Wel ls No. CH-3 and CH-6 and 35 .0 °C in Well 
No. WW-2 . The average groundwater temperature in 1 7  domestic wel ls in 
the Bu R asa field was 34. 8  DC. 
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4.2 .2  E lectrical Conductiv ity 
The Electrical Conductance (EC )  of water samples col lected from 
the domest ic water wel l  of  the Bu Hasa field in Apri l  1 996 ranged from 
2,700 )..lS/cm (WW-22 ) to 8 ,500 in Well No. CH-6 with an average of 
4588  )..lS/cm . .. 
4.2 .3 H ydrogen-Io n  Concentration 
The pH value of water is a function of its hydrogen-ion 
concentration and affects to a great extent, its suitabi l ity for different uses. 
The water pH i s  control led by the amount of dissolved carbon dioxide 
(C02) ,  carbonates (CO/- )  and bicarbonates (HC03-) (Domenico and 
Schwartz, 1 990) .  The pH values of water samples col lected from the 
domestic wel ls ranged from 6 .9  in Well No. WVV- 1 7  to 7 . 8  in Well No.  
CH-6 .  
4.3 Chemical  Parameters 
Chemica l  analyses of water samples collected from the Bu Rasa 
area in September 1 996  are given in Appendix 1 .  The fol lowing discussion 
wi l l  inc lude the sa l in ity, major cations, major anions, minor constituents 
and water type. 
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4 .3 . 1  Total Dissolved Sol ids 
The total d isso lved sol ids m a water sample includes all solid 
materia ls in  solution whether ionized or not . It does not include suspended 
sediments, col lo id or dissolved gases. The TDS content in groundwater is  
an indication of i ts  sal inity. A s imple c lassification of groundwater sal initY 
depending on the total concentration of d issolved constituents, as proposed 
by Todd ( 1 9 80) ,  is given in Table 5 .  
Table 5 .  C lassificat ion o f  groundwater according to its TDS content in 
mg/ l  (Todd 1 980) .  
Water type Total Dissolved Solids (mg/I) 
Fresh water 0 - 1 ,000 
Brackish water 1 ,000 - 1 0,000 
Sal ine water 1 0 ,000 - 1 00,000 
Brine > 1 00,000 
Based on the data obta ined from the l iterature, iso-salinity contour 
maps ( Figures 3 1 ,  3 2 ,  33 and 34) were constructed for the Quaternary 
L iwa aquifer  i n  the B u  Rasa area for the years 1 964, 1 973 , 1 976  and 1 985 .  
Al l  maps show a gradual increase i n  groundwater salinity from southeast 
towards northwest, i n  the direction of groundwater flow. 
A steady increase in groundwater sal inity around the camp 
area is c learly indic ated in the sal inity profl les (Figure 3 5 ) . Between 1 964 
and 1 985 ,  the groundwater sal inity increased in the camp area from 3 ,500 
mg/l to 5 , 500 mg/l . 
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A 
• 
• 
• 
• 
• 
b..sod on 
5 kIn rsq, �Re�P�, No�,:, :J���=��� 
N� TIn "" . "'m 
, / " !" 
. the 
t".,;;� "" 1 " . 
,., 
ouodwater to 
... '" "'�I 
. m gil, of shall ow 
gr 1 1 985 . 
. � .
. ootour map, ill 
Hasa area m Ju y 
F I'gure 34. I so-sahruty c ,  
a aquifer at the Bu Quaternary LIW 
68 
69 
Figure 3 5  is  to compare the evolution of groundwater sal inity obtained 
from literature and the present-day conditions, Figures 36a and b i l 1ustrate 
an i o-sa l inity contour map constructed with the field data col lected by the 
author in April 1 996 .  Figure 3 6a show a steady increase in groundwater 
sal in ity from the southeast towards the northwest, in the direction of 
groundwater flow, whi le figure 36b indicates an increase around the camp 
in ground water sal inity. This increase in salinity is l ike ly due to dumping 
of o i l  fie ld brine in the unl ined pit ( seep pit) .  
In the southeastern part of the study area, the groundwater sal inity 
increased from less than 500 mg/l in 1 964 to a 1 ,000 mg/l in 1 985 .  
Between 1 985  and 1 996, the groundwater sal inity sharply increased from 
1 000 mg/l to 4 ,500 mg/ I .  This is more l ikely re lated to the d isposal of oi l­
fle ld brines in un l ined pits in  the desert in this area. 
4.3 .2  Maj o r  Cations  
The sequence of  cat ion dominance in  groundwater of  the Quaternary 
Liwa aquifer i n  the B u  Rasa area has the order: Na+> Ca2+> Mi+> K+. 
Based on chemi ca l  analysis of water samples collected in April 1 996 the 
fol lowi ng is a brief d i scussion on each cation (Table 6) :  
The primary source of most sodium ions (Na+) in natural water is 
the rel ease of soluble p roducts during the weathering of sodium-bearing 
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minerals ,  part icularly the sodic plagioc lase feldspars which are typical 
constituents of many igneous rocks. Sodium is also common in evaporites 
and argi l laceous sediments. Sodium-ion concentrations in groundwater of 
the Quaternary Liwa aquifer within the study area in April 1 996 ranged 
from 3 1 6  mg/l in the southwest (well no. BU-K) and 1 696 mg/l in the 
southeast (wel l  no. BU-I). The 1 996 iso-concentrat ion contour map shows 
a general increase in Na + concentrations towards the centra l part of the 
study area, which can be explained by extract ion of large amounts of 
groundwater in t ll is  area for domestic and industrial purposes (Figure 3 7 ) . 
The high N a + concentration in water samples collected from the 
southeastern part of the study area can be attributed to surface dumping 
into depressions that are c loser to the water table. The high sal inity water 
then percolates a shorter distance and results in a higher than average N a+ 
concentration. The most common fonn of calc ium in sedimentary rocks are 
carbonates, particularly l imestone or dolomite, which are dominant in the 
southern part of the study area. The dissolut ion of carbonate minerals and 
carbonate cement y ie lds ca lc ium to groundwater. The calc ium-ion 
concentrations (Ca 2- ) in groundwater of the Quaternary Liwa aquifer in the 
study area i n  Apri l  1 996  ranged from 4 mg/l in the extreme southern tip of 
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Table 6. Major inorganic chemical constituents in groundwater samples 
col lected from the Quaternary Liwa aquifer in Bu Hasa O i l Field 
during Apri l 1 996 .  
Wel l N o. Cal .TDS Ca++ Mg++ Na+ K+ C03" HC03' S04- cr 
WW2 3 , 684 1 40 .46 64 .94 988.29 45.04 1 1 .95 1 48.25 634.70 1 638.60 
WW7 3 .304 73 .44 54 . 1 5  921 .70 37.64 38.24 243.04 435.60 1 485.50 
WW 1 9  2, 1 62 74 .96 26.63 603.45 20. 1 3  7 . 1 7 1 32 .46 393.66 889 .26 
WW2 1 2 .821  86 .83 37 .28 805.76 25.91 5 .98 1 06.94 586.62 1 1 48 .40 
WW6 2.004 70 .98 3 1 . 1 0  535.81 22.56 1 4 .34 1 78.63 320. 1 2  8 1 6.78 
WW 1 8  3 ,779 1 59 .29 66.92 988.61 41 .75 1 1 .95 1 20.30 725.56 1 646.30 
WW 1 1 5 .026 24 1 .6 1  95 .78 1 1 1 2.77 49.20 8 .37 9 1 . 1 4  899.80 2505.60 
WW 1 7  1 .974 58 .68 25.24 450.32 1 6.66 7 . 1 7 1 06 .94 387.83 903. 1 8  
WW1 6 2,893 1 1 6 .74 47. 1 4  637.66 24 .97 7 . 1 7  1 04.51 549.27 1 387.35 
WW20 2 ,489 9 0 . 4 1  40 . 1 8  540.75 21 .08 9 .56 1 42. 1 8  468.42 1 1 57 .55 
WW 1 5  2 . 209 63.25 29 .63 492.32 1 5 .0 1  7 . 1 7 1 1 4.23 424.40 1 046.00 
WW23 1 .886 49.28 1 9 .98 440 . 1 8  1 5 .91 1 3 . 1 5 1 26.38 336.86 868.02 
WW22 1 .746 42.97 1 6 .36 478.59 1 2 .32 7 . 1 7 1 09.37 395.33 669.78 
CH7 2 ,640 73 .79 29 . 1 3  654. 1 2  20 .28 9 .56 1 04.51 5 1 9 .46 1 2 1 2.90 
CH6 6, 1 54 247.89 1 02.39 1 206.47 49 .75 5 .98 88 .71  1 521 . 1 0  2908.80 
CH5 2 ,4 1 5 66 .50 26 .99 49 1 .67 1 4 .51  5 .98 1 09.37 545.70 1 1 39.30 
CH3 5 .444 1 89 .72  76.78 852.87 34.63 3 .59 83 .85 1 489.80 2690.40 
A 1 ,939 1 1 .03 6 .64 508.33 8.44 2.39 76.56 268.08 1 053.66 
B 1 .857 5 .46 2.49 590.76 1 0 .32 1 4 .34 1 64.05 7 . 0 1  1 058.40 
C 2 .692 79 . 1 0 32.85 703.49 21 . 1 1 1 3 . 1 5 1 20 .30 494 . 1 6 1 2 1 3.80 
D 4 ,258 1 36 .58 59.55 960.03 35.25 7 . 1 7 1 00 .86 94 1 .40 1 997.40 
E 2 .3 1 9  6 .48 0 . 1 5 663 .22 9 .73 5 .98 83 .85 29 .74 1 5 1 6 .20 
F 3, 029 2 1 4.37 60 .33 594.20 44 .73 N . D .  N . D .  575 .88 1 530.70 
AI Dhafra 2 ,769 1 1 3 .85 47.29 646.63 33 .64 8.37 97.21 553 . 22 1 250.40 
B i n  Thani  3 ,399 1 28.95 48 . 1 6 766.96 34.21 9 .56 1 00 .86 646.47 1 644.60 
G 1 ,348 9 . 56 1 .98 342.67 8. 53 3 . 59 81 .42 1 34 .08 762.30 
H 2 ,829 0 .94 0 . 1 1 80 1 .50 9.60 4 1 .83 3 1 3.52 1 56.80 1 50 1 .30 
I 5. 829 1 1 1 .66 62.76 1 696.29 50 .44 8.37 82.63 1 7 .97 3796.80 
J 1 ,77 1 4 . 1 9 4 .84 440.51  7.94 1 4 .34 1 57 .98 1 02 . 58 1 035.30 
K 1 , 2 1 0 4 . 69 1 .93 3 1 6.72 6.70 8 .37 1 1 7 .87 56 .68 694.44 
L 1 ,806 20 .90 9 .83 535.59 1 4 .96 1 0 .76 31 . 59 7 .54 1 1 67.30 
Waste Water 78,541  4628.8 4 1 3 .55 8671 . 1 3  744.27 N . D .  1 32.46 625.90 63303.0 
N.D  : not detected 
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the field (well no. BU-J ) to 248 mgtl in the central part of the area (wel l 
no. CH-6) .  The 1 996 iso-concentration contour map shows a gradual 
increase in calc ium ion from south to northwest, in the d i rection of 
groundwater flow (F igure 38) .  
The common sources of magnesIUm m groundwater are dolomite in 
sed imentary rocks ;  o l ivine, biot ite, hornblende and augite in  igneous rocks; 
and serpentine ,  talc and tremol ite in metamorphic rocks (Davis and 
De Weist, 1 966) .  Generally, the magnesium ion (Mi+) concentration in  
fresh water throughout the world is less than that of calc ium because of the 
low geochemical abundance of magnesium (Mathess, 1 982) .  Magnesium­
ion concentrat ions in groundwater of the Quaternary L iwa aquifer in April 
1 996  ranged from 0 . 1 mgtl in the southeastern part of the study area (wel l  
no. BU-H )  to 1 02 . 0  111gtl in north central part of the study area (wel l  no. 
CH-6) .  The 1 996  iso-concentration contour map shows that the Mg2+ 
concentrations mcrease from south to north, w ith the h ighest 
concentrations in the domestic water well field (Figure 3 9 ) . 
The most common source of potassium ions (K+) in groundwater is 
the weathering of orthoclase, microcl ine, biotite, leuc ite and nephel ine 
minerals .  Water percolating through evaporite deposits may contain high 
concentrations of potassium ion ( Hem. 1 985) .  Potassium concentrat ion is  
commonly less than one-tenth the concentration of sodium in natural water 
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because potassium is  rarely taken into solut ion. Potassium-ion (K+) 
concentration in groundwater of the Quaternary Liwa aquifer within the 
study area in April 1 996 ranged from 7 mg/I in the southwest (well no. 
BU-K) to 50 mg/l in the north (well no. C H-6) .  The 1 996 iso­
concentration contour map shows a steady increase in K+ concentration 
from southwest to southeast, northeast and northwest (F igure 40) . 
4.3.3 Major  A n ions 
The sequence of anion dominance in groundwater of the Quaternary 
aquifer in the study area has the order: cr> sol-> HC03-> CO/-. Based 
on chemical analys is  of water samples col lected in April 1 996, the 
fol lowing i s  a brief d i scussion on each anion : 
Chloride (Cn is the most w idely distributed ion in natural water. 
Dissolution of certa in evaporites commonly provide h igh concentrations of 
cr in groundwater (E l-Shami, 1 982) .  However, most CI- in groundwater 
comes from three princ ipal sources: ancient sea water entrapped in 
sediments, d issolution of hal ite and related minerals in evaporite deposits 
and the solution of dry fa llout from the atmosphere, part icularly in arid 
regions (Davis and De Weist, 1 966) .  Chloride ion concentrations in 
groundwater of the Quaternary Liwa aquifer in the study area in April 
1 996 ranged from 694 mg/l in the southwest (well no . BU-K) to 2 ,909 
mg/l in north central part of the study (well no. CH-6) .  The Apri l 1 996 iso-
79 
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Figure 39.  Iso-concentration contour map, in mg/I, of the magnesium ion in 
shal low groundwater of the Quaternary Liwa aquifer at the Bu Hasa 
area in April 1 996 
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concentrat ion contour map ( Figure 4 1 )  shows the regional increase in  
chloride from south to  north, but superimposed on this trend are 
unsystematical ly d istributed h igh-chloride values in the center of the field. 
The h igh c r  concentration in water samples collected from the 
southeastern part of the study area can be attributed to surface dumping 
into depressions that are c loser to the water table. The high sa l inity water 
then percolates a shorter distance and results in a higher than average cr 
concentrat ion. 
Sulphate i s  w idely distributed in a reduced form in igneous and 
sedimentary rocks as  metal l ic sulphides (Hem, 1 970). Sulphate ions 
(SO}- ) are derived from gypsum (CaS04.2H20) or anhydrite (CaS04) in  
sedimentary rocks .  Sulphate-ion concentrations in  groundwater of the 
Quaternary Liwa aquifer in the study area in April 1 996 ranged from 7 
mg/l near the domest ic water wel l field (well no. BU-B) to 1 52 1  mg/l in 
the north central area (wel l  no. C H-6) .  The April 1 996 iso-concentration 
contour map shows a steady increase in SO/- concentrations from south to 
north, in the d irect ion of groundwater flow (Figure 42 ) .  However, h igh 
SO./ concentrations in the domestic water well fleld can be attributed to 
groundwater pumping. 
M ost b icarbonate lons ( HCO)- )  in groundwater are derived from 
carbon dioxide i n  the atmosphere, carbon dioxide in so i l s  and by 
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Figure 42. Iso-concentration contour map, in mg/l, of the sulfate ion in shallow 
groundwater of the Quaternary Liwa aquifer at the Bu Rasa area in 
April 1 996. 
dissolution of carbonate rocks (Davis and DeWeist, 1 966) .  In the absence 
of calcareous sediments and carbonate rocks, most bicarbonate ions in 
groundwater result from the saturat ion of the groundwater by carbon 
dioxide from organic decay within the soil zone . Bicarbonate-ion 
concentrations in groundwater of the Quaternary Liwa aquifer in the Bu 
Hasa area in  April 1 996  ranged from 32 mg/I in the northwest (well no. 
BU-L) to 3 1 4 mg/I in the southeastern part (wel l  no . BU-H) .  The April 
1 996  iso-concentration contour map shows a steady decrease in HCO)­
concentrations from southeast to northwest, in the d irect ion of 
groundwater flow (F igure 43 ) .  
Because the dominant carbon form in natural water (pH 6 - 8 )  is 
HCO)- (Freeze and Cherry, 1 979), the CO/ concentration in groundwater 
w ithin the study area is generally low. Carbonate ions (CO/ ) commonly 
exist in water w ith pH  values above 8. Carbonate-ion (CO/- )  
concentrat ions i n  groundwater of the Quaternary Liwa aquifer in the Bu 
hasa area in  Apri l 1 996  varied between 7 mg/l in the central area (well no. 
WW- 1 6) and 4 1  mg/l in the southeast (well no. BU-H) .  The 1 996 iso­
concentration contour map shows high CO):!- concentrations in the 
southeastern part of the study area, decreasing towards the west. northwest 
and northeast (F igure 44 ) .  
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According to Freeze and Cherry ( 1 979) , n itrate (NO)-) is the most common 
identifled contam.inant in water. Nitrate contamination for both surface and 
groundwater resources is becoming widespread in the area a l l  over the 
globe. The WHO ( 1 97 1 )  recommended l imits for n itrate in drink ing water 
are 1 0  mg/l as nitrate-nitrogen and 45 mg/l as n itrate (N03) '  N itrate is a 
health hazard, e pec ial ly to chi ldren under the age of s ix months, when it 
occurs in drink ing water at concentrations in excess of 1 0  mg/l ( Fetter, 
1 980) .  N itrate-ion (N03-) concentrat ions in groundwater of the Quaternary 
Liwa aquifer in the Bu  hasa area in April 1 996 varied between 3 mg/l in 
the northwest (wel l  no . BU-L) and 1 9  mg/l in the north central area (wel l  
no .  CH-6) .  These concentrations are well below the WHO ( 1 97 1 )  
recommended l im.its  for drinking water. The 1 996 iso-concentration 
contour map shows h.igh NO)- concentrations are low in the central part of 
the Bu Hasa area and increase towards south, west, northeast and 
northwest (F igure 4 5 ) .  
4 .3 .4 M i nor  Constituents 
Because the i r  presence in groundwater at high concentrations can 
cause serious hazards to human health, the concentrations of some trace 
metals were measured in groundwater samples col lected from the 
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Table 7 .  M inor inorganic chemical  constituents in groundwater samples 
col lected from the Quaternary Liwa aquifer in Bu Hasa Oi l  Field 
during Apri l  1 996 .  
Well No. Cr Zn Cu B Fe Ni F N03-
WW2 0 .02 0 . 0 1  0 .05 2.25 0 .03 N . D .  3 .00 6 .69 
WW7 N . D .  0 . 0 1  0 .03 2.06 0 . 1 3  0 .08 3 .79 8 .46 
WW 1 9  0 .03 0 . 0 1  N . D .  1 .75 0 .07 N . D .  2 .94 9 .88 
WW21 0 .02 N . D .  N .D .  2 . 1 3  0 . 1 0  N . D .  2 .98 1 2 .28 
WW6 0 .03 0 .02 N . D .  1 .75 0 .03 0 . 1 4  2.69 8 .72 
WW1 8 N . D .  0 .02 0 .02 2.31 0 . 1 1 N . D .  2 .43 1 3 . 1 9 
WW1 1 0 .02  0 .02 N .D .  2 .00 0 .08 N .D .  3 . 1 4  1 6 .7 1  
WW 1 7  N . D .  0 . 0 1  N . D .  1 .50 0 .03 N . D .  2.99 1 3 .02 
WW 1 6  0 .02 0 . 0 1  N . D .  1 . 1 3 0 .08 N . D .  2 .89 1 4 . 1 3  
WW20 0 .02 0 .0 1  N . D .  1 .56 0 .07 N .D .  2 .52 1 4 .73 
WW1 5 0 .02 N . D .  N .D .  1 .25 0 .07 N . D .  2.99 1 2 .73 
WW23 N . D .  N . D .  0 .03 0 .94 0 . 1 1 0 .08 3 .04 1 1 .7 1  
WW22 N .D .  0 .02 0 .05 1 .00 0 .07 0 . 1 1 3 .00 9 .62 
CH7 N . D .  0 . 0 1  0 .06 1 .00 0 .07 0 .04 2 .57 1 2 .9 1 
CH6 N . D .  0 . 0 1  0 .0 1  1 .3 1  0 .02 0 .06 2 .72 1 9 . 1 3  
CH5 N . D .  0 . 0 1  0 .05 0 .56 0 .05 0 .04 2 .46 1 1 .8 1  
CH3 N . D .  N . D .  N . D .  0 .88 0 . 1 5 N .D .  3 .35 1 7 .55 
A N . D .  0 . 0 1  N . D .  0 .81 0 .07 N . D .  3 .2 1  N . D .  
B N . D .  N . D .  0 .05 0 .81 0 .23 N .D .  3 .33 N . D  
C 0 .02 N . D .  N . D .  1 .06 0 .03 0 .21  3 .59 8 .99 
0 0 .05 N . D .  N . D .  0 .94 0 . 1 8  0 .09 3 . 1 2 1 5 .09 
E N .D .  0 . 0 1  N . D .  0 .56 0 . 1 0  N . D .  3 .47 N . D .  
F N . D .  0 . 1 6  0 .04 1 .06 N . D .  N . D .  0 .54 7 .20 
AI Dhafra N . D .  0 . 0 1  0 .06 0.81 0 . 1 3  0 .06 0 .38 1 7 .07 
B in  Thani  0 .02 0 .02 0 .05 0 .63 0 .07 0 .06 1 .92 1 6 .09 
G N . D .  0 . 0 1  N . D .  0 .63 0 . 1 8  N .D .  2 .57 N .D .  
H 0 .02 0 . 0 1  0 .05 1 .44 0 . 1 3  N . D .  2 . 1 7  N . D .  
I N . D .  0 . 0 1  0 .03 0 .69 0 .07 N . D .  1 .32 N . D .  
J N . D .  0 . 0 1  N . D .  1 .00 0 .05 N . D .  2 .64 N . D .  
K 0 .06 N . D .  0 . 1 5 0 .69 0 . 1 3  0 .01  1 .40 N . D .  
L 0 . 0 1  0 . 0 1  0 .09 0.69 3.07 0 .07 0 . 73 2 .73 
Waste water 0 .0 1  0 . 1 1 0 . 1 5 1 7 .62 4 .20 0 . 1 2  N . D .  N . D .  
N.D : not detected 
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Quaternary Liwa aquifer in the Bu Hasa area in April and September 1 996 
(Tab le 7 ) . The fol lowing is  a brief discussion on each of these elements: 
Copper is  a common metal which occurs in nature as native metal 
and various copper minerals and salts. Copper is an essent ial trace element 
for the growth of plants and animals. In excessive amounts however , , 
copper can be toxic and its toxic ity depends on water hardness alkalinitY 
(Fetter, 1 988 ) . The World Health Organizat ion (WHO) ( 1 97 1 )  standard for 
maximum copper concentration in drinking water is  1 .0 mg/I . 
Copper (Cu) concentrations in groundwater samples collected from 
the Quaternary Liwa aquifer in the study area in April and September 1 996 
are genera l ly less than the WHO recommended l imit for drinking water. 
The h ighest concentrat ions of copper in groundwater samples occurred in  
the southwestern part of the study area. Low Cu concentrations were 
encountered in the eastern, centraL northeastern and northwestern parts 
(F igure 46) .  
Iron is toxic to some aquatic spec ies at concentrations of 0 .32 to 
1 .00 mg/I .  A water qual ity criterion for iron of 0.3 mg/l has been suggested 
for domestic use . For aquatic l ife ,  maximum iron content of 1 . 0 mg/I is the 
maximum l imi t  (Fetter, 1 988 ) .  I ron concentrat ions in groundwater  samples 
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col lected from the Quaternary Liwa aquifer in the study area in April and 
September 1 996  varied between 0 .02 mg/l in the domestic water well field 
(well no. CH-6)  and 0 . 1 3  mg/I in the southwest (well no. K). Measured 
i ron concentrat ion did not exceed the WHO ( 1 97 1 )  l imit of 0 . 3  mg/I for 
drinking water in  the Bu Hasa area. The 1 996 iso- iron concentration map 
shows that the water samples col lected from the northwestern part of the 
study area conta in higher iron concentrations than the samples collected 
from the eastern,  southeastern and western parts (F igure 47) .  
C hromium can exist in  a number of valence states .  I n  trivalent state, 
chromium is an essential trace nutrient and in hexavalent state, it is 
poisonous and corrosive . The toxic ity of chromium is variable depending 
upon valency water hardness and pH. The WHO ( 1 97 1 )  standard for 
chromiwn concentration in drinking water is 0. 1 mg/l .  Chromium 
concentrations in groundwater samples collected from the Quaternary 
Liwa aquifer in  the Bu Hasa area in April 1 996 are below the WHO ( 1 97 1 )  
l imit and varied between 0 .0 1 mg/l in the northwest (well no . L )  and 0.06 
mg/I i n  the southwest (well no. K). The 1 996 iso-chromium contour map 
shows that the h igh concentration wells are those located w ithin and 
around the domestic water well field in the central part of the Bu Hasa area 
(F igure 48) .  
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Fluoride is natural ly present in minerals as fluorite, c ryol ite and 
apatite. Fluoride is stored in bones and teeth. Chronic over exposure leads 
to dental fluorosis or mott l ing of teeth. Dental fluorosis develops in 
chi ldren l iving in areas where the drink ing water is high in fluoride . 
According to the WHO ( 1 97 1 )  standards for drink ing water, fluoride 
concentration varies between 1 .4 mgll and 2 .4 mgll, according to 
prevai l ing temperature . Fluoride concentrations of groundwater col lected 
from the Quaternary Liwa aquifer in the Bu Hasa area in 1 996 varied 
between 0 . 7  mg/l in the northwest (well no. BU-L) and 3 . 6  mgll in the 
central part (wel l  No .  BU-C) . The 1 996 iso-fluoride contour map shows 
high concentrations in the central and southwestern parts, decreasing in the 
east, northeast and northwest d irections (Figure 49) .  
Boron i s  an essential plant nutrient, however, excess boron 
concentration is toxic to some plants. Boron presence in low-sa l in ity water 
is usually suitable for al l  crops .  In contrast, high-sal inity water which 
contains h igh boron concentration can only be used for i rrigating a l imited 
number of crops .  Boron concentration in water samples collected from the 
Quaternary Liwa aquifer in the Bu Hasa area in April 1 996 varied between 
0 . 60 mg/l in the southern part of the domestic water wel l field (well no . 
C H-6) and 2 .25  mg/I i n  the central part of the field (well no.  WW-2). 
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Classification of i rrigation water for various crops on the basis of boron 
concentration is given in Table 8 .  According to this table, water in the 
western and northeastern parts of the study area are good for i rrigating 
sensit ive crops .  Water in the rest of the Bu Hasa field are good for 
i rrigat ing boron-semitolerant and tolerant crops. The 1 996 1SO-
boroncontour map shows relatively high concentrations in the domestic 
water well field in  the middle part of the study area and decreases 
e erywhere else (F igure 50) .  
Table 8 .  C lassification of irrigation water for various crops according to 
boron concentrat ion in mi l l igrams per l iter (Wi lcox, 1 95 5 )  
Water class Sensitive crops Semitolerant crops Tolerant crQQs 
Excellent < 0 .33  < 0.67 < 1 .00 
Good 0 . 33  - 0 .67 0 .67 - 1 .33  1 .00 - 2 .00 
Permissible 0 .67  - 1 .00 1 .33 - 2 .00 2 .00 - 3 .00 
Doubtful 1 . 00 - l . 2 5  2 .00 - 2 . 50  3 .00 - 3 .75 
Unsuitable > 1 . 25  > 2 .50 > 3 . 75 
4.3 .4 Tri l i near D iagram 
The main purpose of the tr i l inear diagram proposed by Piper ( 1 944 ) 
i s  to show different water types in a particular area. The central d iamond-
shaped field of this d iagram is composed of two equal triangular fields -
one for cations and the other for anions . Generally, data that p lots on the 
upper port ion of the centra l  triangle represents water where (S042o + Cn 
exceeds (Na+ and KT) and the characteristic water types are Ca and Mg 
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chlorides and sulphates. On the other hand, data that plots on the lower 
port ion of the central triangle represents water where (C032- + HC03-) 
exceeds (Ca2+ + Mi+), and the characteristic water types are Na and K 
carbonates and b icarbonates (Walton, 1 970) .  
Figure 5 1  i s  a tri l inear plot of the chemical analysis of water 
samples col lected from the Quaternary Liwa aquifer in the Bu Hasa area in 
April 1 996 .  The appearance of most of the samples in the upper port ion of 
the central d iamond suggests that the Ca and Mg-chloride and sulfate 
water types are dominant. However, a few water samples belong to the Na 
and K-carbonate and b icarbonate types. 
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Figure 5 1 . A trilinear diagram of the chemical analysis of water samples col lected from the Quaternary 
Liwa aquifer in the Bu Hasa area, April 1 996. 
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Chapter V 
Assessment Of Groundwater Pol/ution 
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C H A PTE R V 
ASSESSl\1 E NT O F  GROUNDWATER POLLUTION 
The Quaternary L iwa aquifer in the Bu Hasa area represents the 
main source of good-qual ity water in western Abu Dhabi Emirate. Possible 
contamination caused by oi l-related activities can represent a serious 
hazard to this important resource .  Because large amounts of waste water 
were d isposed in the M iocene c last ic aquifer since early 1 970 ' s, upward 
movement of this br ine i s  possible. 
The main object ive of this chapter is to assess the groundwater 
pol lution of the Q uaternary Liwa aquifer as a result of re-injection of oil­
field water in the M iocene c last ic aquifer in the Bu Hasa area. 
To achie e this object ive, the results of chemical analysis of water 
samples were presented and interpreted. Two water samples from the 
L iwa aquifer and the inj ector p lant were analyzed for hydrocarbon content. 
Samples from re-injected water and the Liwa aquifer were analyzed for 
stable i sotopes eH and 1 80 )  in August 1 996. 
5. 1 Identificatio n  of  Organic Pol l utants 
The organic pol lutants were isolated and identified in  two water 
samples from the Bu  Hasa oi l  field. These samples represent the d isposed 
1 02 
and the fresh-aquifer waters. The isolation of the organic pol lutants was 
done by the sol id-pha e extraction (SPE) and gas chromatography-mass 
spectrometry (GC-MS)  described in section 4. l .  
The ident ification of the organic pollutants was conducted by 
(GC/MS-MD-800 Fission) technique. The identification was done at a 
temperature range between 60°C and 280°C at a rate of 1 0°C/min.  Sample 
was kept to rest for 20 min . at 280°C . The chromatographic bands 
obtained are gi en in Figures 52 and 53 .  
The analysis of the fresh-aquifer water sample indicates that i t  is 
a lmost free of pol lution by organic components. The disposal water, 
however is serious ly pol luted by various aliphatic and aromatic organic 
compounds. The al iphatic compounds ident ified include different 
derivatives of decane such as tridecane, tetradecane, pentadecane, 
hexadecane, heptadecane, octadecane, nonadecane, undecane and 6-ethyl-
2-methyl decane, bes ides eicosane and heneicosane. The aromat ic 
compounds identified inc lude various derivatives of phenol and 
benzeamine. The fol lowing phenols are identifted; 2-methyl-phenol ,  3 -
methyl-phenol, 4-methyl-phenoL 3 , 5-dimethyl-phenol ,  3 ,4-dimethyl­
phenol, and 2 , 5-dimethyl-phenol .  Other aromatic derivatives such as 
tric arbonyl benzeamine have also been identified. 
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Figure 52.  Chromatographic identification of organic pol lutants in oil-field water 
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The presence of al iphatic and aromatic compounds such as decane, 
phenol and benzene, may indicate an impeded degradat ion by weathering 
or possible exposure to oxidizing conditions. As a matter of fact, it is 
difficult to establ ish which of the previously mentioned compounds is the 
most toxic because not all have been tested, and health risks are inferred 
from studies on laboratory animals, poisonings or acc idental invest igation, 
and occupat ional exposures (Craun, 1 984). However, if such abnonnal ly 
h igh pol lution of organic compounds could reach a drinking water, they 
can cause cancer and other problems, inc luding l iver damage, impairment 
of cardiovascular funct ion brain d isorders and various k inds of lesions 
( Domenico and S chwartz, 1 990) .  
5.2 B ri ne  D ifferenti ation Plot 
Because bromide is seldom reported in a water analysis, a p lot was 
devised by Hounslow ( 1 995 )  to differentiate brine-contaminated water 
from water of other origins using the major constituents of a water that are 
usual ly ava i lable . The plot uses molar Ca / (Ca + S04) on the vertical axis 
and molar N a  / (Na + Cl )  on the horizontal axis (Figure 54 ) .  This method 
also a l lows water to be plotted in a finite range, from 0 to 1 ,  on both axes .  
On th i s  d iagram, fie ld characteristics of oi l -field brine, evaporite solution 
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Figure 54. Brine differentiation plot of water samples col lected from the Quaternary Liwa aquifer in the Bu Hasa area, April 1 996. 
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and sea water are separate and distinct. On Figure 54, three of collected 
water samples (wel ls I, L and B) from the Quaternary Liwa aquifer in the 
Bu Hasa area are oi l-field brines four samples belong to sea water and the 
rest of samples p lot around the sea water zone. 
5.3 I sotope A nalysis 
Several water samples from the Bu Hasa area were analyzed for 
stable isotopes eH and ( 80 )  in the I sotope Hydrology Laboratories of the 
I nternational Atomic Energy Agency ( IAEA) during August 1 996 .  Two 
water samples were analysed, one from the Quaternary Liwa aquifer (well 
no. WW -6) and the other from the treated waste water injected in the 
M iocene c lastic aquifer (wel l  no. BU- 405 ). The 2H (SMOW) were p lotted 
versus 1 80 (SMOW ) for these two wells and other water samples from Al  
Ain and Liwa areas (Figure 5 5 ) . This figure suggests that the oil-field 
water and water of the Quaternary Liwa aquifer are different. In contrast, 
groundwater in the Bu Hasa area seems to have isotopic composition 
ident ical to that of groundwater in the Liwa area in the southeast, 
suggesting a single common source of groundwater in both areas. 
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Chapte r V I  
Conclusion And Recommendations 
C H A PTER V I  
CONCL U S I ONS AND RECOM M EN DATIONS 
6 . 1  Conclusions 
1 0  
a .  Core samples recovered from the Lower Fars Fonnation i n  the Bu Rasa 
area include gypsum, anhydrite, s i ltstone-claystone, c laystone­
l imestone and wackestone-packstone. This l i thology is bel ieved to 
represent a good seal ing interval against vert ical communication 
between the M iocene c lastic aquifer and the Quaternary Liwa aquifer. 
Therefore , it is unl ikely that oil water disposed off into the Miocene 
c lastic aquifer would move upward to contaminate the shallow 
aquifers. 
b .  The hydraulic-head map constructed for the Quaternary Liwa aquifer in 
the Bu Rasa field in April 1 996 shows that: ( i )  the general groundwater 
flow d irect ion is from south to northwest, whereas the presence of a 
groundwater mound east of the domestic water-well field has created 
local flow systems from the center to all directions, ( i i )  the presence of 
two southeast trending tongues of relatively poor-qual ity water in the 
northwestern part of the study area reflects the effect of heavy 
groundwater pumping from the Liwa aquifer in an area occupied by 
the domestic water-well field and ( i i i )  the hydraulic gradient is h ighly 
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variable in  the fle ld ranging from 0 .0 1 in the southwest to 0.00 1 in the 
southeast and northwest. In addition to the effect of pumping, the 
hydraul i c  gradient a lso reflects the heterogeneous nature of the aquifer. 
c .  Between 1 964 and 1 985  the groundwater salinity increased in the camp 
area from 3 , 5 00 mg/l to 5 ,500 mg/I. The iso-salinity contour map 
constructed w ith the field data col lected by the author in April 1 996 
indicates that the sal in ity of groundwater in the southeastern part of the 
Bu Hasa area has tripled during the period 1 985- 1 996, mainly because 
of the d isposal of o i l-fleld brines in unlined p its in this area, heavy 
pump ing, and absence of recharge . 
d .  The sequence of  cat ion dominance in groundwater of the Quaternary 
Liwa aquifer i n  the Bu  Hasa area has the order: Na+> Ca2+> Mi+> K+, 
and the sequence of anion dominance has the order: Cl> SO}> HCO)­
> CO)2-. This indicates that the ground-water in the study area is 
dominated by Na- and Cl- ions, suggesting its old age and that aquifer 
does not rece ive present-day recharge . This was col laborated by the 
tri l inear plot of the chemica l  analysis of water samp les which suggests 
that the sodium-chloride water type is dominant. 
e. Concentration of the trace metals such as copper, i ron and chromium 
are below the WHO l imits for drink ing water. This means that 
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desal ination of this water and its use for domestic purposes is safe .  
N itrate-ion (NO]-) concentrations in groundwater of the Quaternary 
Liwa aquifer in the Bu Hasa area in April 1 996 were also below the 
W HO ( 1 983 ) standard for drinking water (45 mg/l) .  
f. Examined groundwater from the Quaternary Liwa aquifer is free of 
hydrocarbon pol lution with the exception of three samples that show 
indications of oi l  field brine. In contrast, the water disposed in the 
M iocene c lastic aquifer is loaded with high concentrations of al iphatic 
and aromatic compoLmds. I f  this water could reach the Quaternary 
aquifer, it can cause a serious contamination problem, especial ly for 
the domestic water-wel l  field. 
g. The p lot of 2H (SMOW) versus 1 80 (SMOW) for water samples from 
the L iwa and B u  Hasa areas suggests that the oil-field water and water 
of the Quaternary Liwa aquifer are different, indicating the effect ive 
sealing of the M iocene evaporites in the Bu Hasa area. Tllis seal 
prevents upward movement of waste water from the Miocene clastic 
sediments into the Quaternary Liwa aquifer. In contrast, groundwater 
in the Bu Hasa area seems to have stable isotopic composition identical 
to that of groundwater in the L iwa area, indicating a common source. 
I I I  
h. Based on the geologic, hydrogeologic, hydrochemical and stable isotope 
analyses, there is no reason to believe that the d isposal of waste water 
in the M iocene c lastic aquifer in the Bu Rasa area can lead to the 
upward movement of this water contaminating the shallow Quaternary 
aquifer. In contrast, the disposal of brines in unl ined p its is the pract ice 
that has a defmite adverse effect on the Quaternary Liwa aquifer in the 
Bu Hasa area. 
6.2 Recommendations 
a .  A monitoring water well should be drilled in central part of Bu Rasa 
field to p romptly detect any acc idental leaks and observe the migration 
of contaminated groundwater. 
b. A two-dimensional groundwater flow model has to be constructed for 
the Quaternary and M iocene aquifers in the Bu Rasa area to examine 
the in1pact of brine injection in the M iocene aquifer on water 
movement between both aquifers. 
c .  Disposal of o i l -field brines in unl ined p its m the desert should be 
stopped, because the Quaternary Liwa aquifer in the study area is an 
unconfmed and very vulnerable to reception of surface contaminants 
rel ated to o i l  industry .  
1 1 2 
d.  The direction of groundwater flow, contamination of shallow 
groundwater and direction of contaminant movement suggest that the 
domestic water-supply field should be re-located from its present 
posit ion in the central part to the far southeastern corner of the study 
area .  The proposed new posit ion has the fol lowing advantages: ( i )  the 
aquifer' s saturated thickness is about 1 00 m compared w ith 2 5  to 45 m 
thickness in  its present posit ion, ( i i )  the new s ite is relatively closer to 
the Liwa fresh water mound which acts as the re-charge area to the 
Liwa aquifer in the Bu Rasa field, ( i i i )  the wells of the new field wi l l  
intercept a larger amount of relatively better-qual ity water compared to 
wel ls of the present fleld and ( iv) contaminant p lumes from previous 
discharge activit ies in unlined open p its are now moving towards the 
present wel l  fle ld  and are expected to reach it within the next 1 0  years. 
Pol luted water wi l l  flow toward the cone-of-depress ion created by the 
domestic well field and ult imately w il l  be produced through these wells 
if  they are kept in the same location. 
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Appe nd ices 
APPEN D I X  I RESULTS OF CHE MICAL ANALYS IS OF WAT E R  SAM PLES COLLECTED FROM B U  HASA F IELD ,  SEPT. 1 996,(  mg / L) 
Ser. No. Well No. EC (uS) pH TDS U n its Ca++ Mg++ Na+ K+ T. Cat. C03-- HC03- S04-- CI- T. A n i  
1 WW-02 67L10.0 7.3 421 2 ppm 1 1 6. 0  57.3 1 023 .0  48.0 1 0 .8 1 88 .4  69 1 .8 2371 .0 
epm 5.8 4 .7 44 .5  1 .2 56.2 0 .4  3. 1 1 4 .4 66.9 84. 7  
e% 1 0.3  8 .4  79 . 1  2.2 0.4 3.6 1 7.0  78.9  
2 WW-06 5020.0  7 .4 3 1 37 ppm 65.0 3 1 .3  788 . 0  26.0 7.2 1 1 1 .8 593. 2  1 826. 1 
epm 3 .2  2 .6 34.3 0 . 7  40.8 0 .2  1 .8 1 2.4  5 1 .5  65.9 
e% 8.0  6 .3 84 . 1  1 .6 0 . 4  2.8 1 8. 7  78. 1  
3 WW- l l 8570.0  7 .6  5356 ppm 1 9 1 . 0  81 .4  1 1 92.0 65 . 1  8 .4  75.3 458.6 1 896.8 
epm 9 . 5  6 .7  5 1 .9  1 . 7 69. 7  0 . 3  1 .2 9 .5  53 .5  64.6 
e% 1 3 . 7  9 . 6  74 .3  2 .4  0 .4  1 .9 1 4 .8 82.9 
4 WW- 1 5  4440.0 7. 1 2775 ppm 57.0 25.5 667 .0  23. 7  9 .6  1 1 0 .6 454 . 1  1 438. 1 
epm 2.8 2. 1 29. 0  0 . 6  34.6 0 .3  1 .8 9 .5  40.6 52.2 
e% 8.2 6. 1 83.9 1 .8 0 .6  3 .5  1 8. 1  77.8 
5 WW- 1 7  3480.0 6.9 21 75 ppm 53. 0  22.3 593.0  1 6. 7  8 .4  977.2 400 .8 1 207.0 
epm 2.6 1 .8 25.8 0 . 4  30.7 0 .3  1 6. 0  8.3 34.0 58.7 
e% 8.6 6 .0  84 .0  1 . 4 0 .5  27.3 1 4 .2  58.0 
6 WW- 1 S  6690.0 7.6 4 1 8 1 ppm 1 25.0 57.8 975.0 45.5 9.6 1 1 4 .2 80 1 . 1  2761 .0 
epm 6.2 4 .8  42 .4 1 .2 54.6 0.3 1 .9 1 6. 7  77.9 96.8 
e% 1 1 .4 8 .7  77 .7  2. 1 0 .3  1 .9 1 7.2 80 . 5  
7 WW- 1 9  3700. 0  7 .4 23 1 2  ppm 47.0 1 9 .3 591 . 0  1 8.9 6.0 1 1 1 .8 429.5  1 208. 5  
epm 2.3 1 .6 25.7 0 .5 30. 1 0.2 1 .8 8.9 34. 1  45. 1 
e% 7.8 5.3 85.3 1 .6 0 .4  4 . 1  1 9 .8 75.6 
8 WW-2O 4760.0  7 .5  2975 ppm 80.0  37.4 709 .0  3 1 .9 9.6 1 42.2 476.8 1 587.0 
epm 4 .0  3 . 1  30.8 0.8 38.7 0.3 2.3 9.9 44.8 57.3 
e% 1 0 .3  7 .9  79 . 6  2. 1 0 .6  4 . 1  1 7.3 78. 1  
9 WW-2 1 4930.0 7 .7  2768 ppm 64. 0  28. 0  687 .0  29 .0  4 .8  89.9 584.9 1 429.0  
epm 3.2 2.3 29 .9 0 .7  36. 1 0.2 1 . 5 1 2.2  40.3 54. 1 
e% 8.8 6.4 82. 7  2. 1 0 .3 2.7 22.5 74 .5  
1 0  WW-23 4080.0  7.2 2550 ppm 51 .0  24.3 658 .0  23 . 1  7 .2 1 09.4 423.6 1 330.0 
epm 2.5 2 .0 28.6 0 .6 33.8 0.2 1 .8 8.8 37.5 48.4 
e% 7 .5  5 .9  84 .8 1 .8 0 . 5  3 . 7  1 8.2 77.6 
1 1  CH-03 9460.0  7 .6  59 1 2  ppm 1 56 .0  58.3 1 545.0 49.8 1 2.0  46.2 1 281 .3 3663.8 
epm 7.8 4.8 67.2 __ 'L�_ 8 1 . 1  0.4 0 .8 26. 7  1 03.4 1 3 1 .2 ._- _ ._-
APPEN D I X  I RESU LTS OF CHEM ICAL ANALYSI S  OF WATER SAM PLES COLL ECTED FROM B U  HASA F IELD .  SEPT. 1 996.( mg / L)  
e% 9.6 5 .9  82.9 1 .6 0.3 0.6 20.3 78.8 
1 2  CH-05 401 0 . 0  7.6 2506 ppm 43.0 1 8.3 682.0  1 7. 2  0 .0  62.0  41 4 .7  1 4 1 8.0  
epm 2. 1 1 . 5 29 .7  0 .4  33.8 0 .0  1 . 0 8 .6 40.0 49.7 
e% 6.4 4.5 87.9 1 .3 0 .0 2 .0 1 7 .4  80 .6  
1 3  CH-07 34 1 0 . 0  7 . 5  2 1 3 1  ppm 36.0 1 6.0  592.0  1 6.3  3 .6  9 1 . 1  4 1 6.8 1 020.7 
epm 1 .8 1 .3 25.8 0 .4  29.3 0 . 1  1 . 5 8 .7  28.8 39. 1 
e% 6. 1 4 .5  87.9 1 . 4 0 .3  3 .8  22. 2 73 . 7  
1 4  BU-M 0 .00 0 .0  2437 ppm 42.0 1 8.8 699. 0  1 7. 2  6.0 97.2 391 . 0 1 333.0 
epm 2. 1 1 . 5 30.4 0.4 34.5 0 . 2  1 .6 8. 1 37.6 47.5 
e% 6. 1 4 .5  88.2  1 .3 0 .4  3 .4  1 7. 1  79. 1 
1 5  AL DHAFRA 4840. 00 0 .0  3025 ppm 93.0  41 .3  796. 0  36.4 4.8 88.9 626.4 1 645.5 
epm 4.6 3 .4 34 .6  0 .9  43.6 0 . 2  1 .5 1 3 . 0  46.4 6 1 . 1  
e% 1 0 .6 7.8 79 .4  2. 1 0 .3  2 .4  2 1 .4 76.0 
1 6  BIN THANI 9020.00 0 .0  5637 ppm 229.0  1 00 .0  1 363 .0  87 .5  8 .4 1 55 .5  956.9 3386. 2  
epm 1 1 .4 8.2 59.3 2 .2  8 1 .2 0.3 2 .5 1 9 .9 95.5 1 1 8.3 
eO/o 1 4 . 1  1 0 . 1  73 .0 2.8 0.2 2.2 1 6.8 80.8 
-- � �-
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